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This study illustrates the ability of SWNT to nucleate and template polymer 
crystallization and orientation, and produce materials with improved properties and 
unique polymer morphologies.  This research work focuses primarily on the physical 
interaction between single-wall carbon nanotubes (SWNT) and the flexible polymer 
system polyvinyl alcohol (PVA).  Polymer crystallization in the near vicinity of SWNT 
(interphase) has been studied to understand the capability of SWNT in influence polymer 
morphology in bulk films and fibers.   
Fibrillar crystallization was achieved by shearing PVA/SWNT dispersions and 
resulted in the formation of oriented PVA/SWNT fibers or ribbons, while PVA solutions 
produce unoriented fibers.  PVA single crystals were grown in PVA solutions as well as 
PVA/SWNT dispersions over a period of several months at room temperature (25 °C). 
PVA single crystal growth in PVA/SWNT dispersions is templated by SWNT, and these 
crystals show the presence of new morphologies for PVA.  PVA single crystals of 
differing morphology were also grown at elevated temperatures, and show morphology 
dependant electron beam irradiation resistance.  Gel-spinning was used to produce PVA, 
and PVA/SWNT fibers where, PVA crystallization in the bulk fiber was observed.  With 
1 wt% SWNT loading in PVA, the fiber tensile strength increased from 1.6 GPa for the 
control PVA to 2.6 GPa for PVA/SWNT. Analysis of this data suggests stress of up to 
~120 GPa on the SWNT. This is the highest reported stress on the SWNT to date and 
confirm excellent reinforcement and load transfer of SWNT in the PVA matrix.  Raman 
spectroscopy data show high SWNT alignment in the fiber where the oo 900 II ratio is 
 xxvii
measured to be 106.  High-resolution transmission electron microscopy (HR-TEM) is 
used to characterize polymer morphology near the polymer-SWNT interface for 
PVA/SWNT fibers.  HR-TEM studies of Polymer/CNT composites show distinct 
morphological differences at the polymer-SWNT interface/interphase for semi-crystalline 
and amorphous polymer systems which may be related to polymer-SWNT interaction in 
the composite.  
Studies on polymer crystallization, carbon nanotube (CNT)/polymer composite, 
and polymer composite interfacial literature in summarized in Chapter 1.  Fibrillar 
crystallization of PVA and PVA/SWNT is presented in Chapter 2.  PVA single crystal 
grown at varying temperatures is discussed in Chapter 3, followed by single crystal 
growth studies in PVA/SWNT dispersions in Chapter 4.  Chapter 5 summarizes the gel-
spinning studies of PVA and PVA/SWNT fibers.  Conclusions and recommendations for 
future work pertaining to this study are given in Chapter 6. Results of HR-TEM studies 
on other polymer/SWNT composites are given in Appendix A, Appendix B summarizes 
work on PE crystallization in the SWNT/DMF dispersions, and studies of PVA and 










1.1. Polymer Crystallization 
  During the earlier part of the twentieth century a single polymers molecule of 
molecular weight higher than 5000 was not thought to exist, and the arrangement of 
monomers in these polymer molecules was not well understood.  Growth of molecular 
crystals from these low molecular weight compounds had long since fascinated scientists 
because of their well-faceted and periodic shapes.  Scientists learned early on that these 
shapes were in fact related to the internal morphology of the molecules comprising each 
crystal but could only make guesses about the internal arrangement of the molecules.  
The discovery of X-rays by Rontgen in 1895, subsequently led to Laue’s discovery in 
1912 that molecules arranged in a crystalline state and this crystalline arrangement would 
cause X-rays to diffract.  X-ray diffraction provided a means of studying and 
understanding the internal structure of crystals and measuring distances between atoms in 
the crystalline state.  It was these studies of low molecular weight crystalline materials 
that led to the development of the framework for crystal lattice calculations [1], which 
became very important for understanding the morphology of molecular crystals.   Initially 
X-ray diffraction studies were only performed on inorganic as well as crystalline short 
chain organic compounds.     Later, throughout the late 1920s and 1930s the work of 
Hermann Staudinger and later William Carothers led to the realization that chain-like 
polymer macromolecules with molecular weights exceeding tens of thousands did indeed 
exist [2, 3].  These discoveries revamped the scientific thinking about the size, shape, and 
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structure of polymer molecules.  These large molecules were also able to crystallize 
under the right conditions, and the internal arrangement of these polymer 
macromolecules could be studied by X-ray diffraction.  The discovery of these materials 
ignited research for the development of a wide array of materials with applications in 
every aspect of life. 
Due to the demand for new materials, the in-depth scientific study of polymeric 
materials became very important.  The detailed study of polymer morphology at the sub-
microscopic level became possible with the invention and development of the electron 
microscope in the 1930s [4, 5].  Early microscopy studies on polymer single crystal 
morphology provided the framework for understanding how flexible polymer systems 
crystallize [6-9].  Studying polymer morphology is essential for understanding the 
behavior of polymeric materials at the sub-microscopic level under specific processing 
conditions, and this in turn can be translated to macroscopic properties in materials 
produced from these polymers.   
The long-chain flexible structures of polymers consisting of regular repeating 
units do not typically form long-range order or periodic three-dimensional structures at 
the lowest energy states.  It is more typical for polymeric materials to form localized 
domains of order intermingled with purely entangled regions.  This type of structure was 
first conceptualized by the fringed-micelle model (Figure 1.1).  For this reason, 
polymeric materials able to crystallize are externally manipulated by drawing or 
stretching to form large crystalline domains with long range order along the chain axis.  
Some polymeric materials are also found to form folded chain or lamellar crystals, where 
the long range order of the crystal is typically perpendicular to the polymer chain axis 
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(Figure 1.2a).  An important area in the study of polymer morphology is this process of 
polymer crystallization.  The growth of single crystals of polymeric materials provides an 
ideal way of studying polymer chain morphology.  There has been a tremendous amount 
of work dedicated to understanding this transformation “crystallization” process in 
polymeric materials [10-13].  
 
Figure 1.1. A schematic of the fringed-micelle model. 
 
 
Figure 1.2.   A schematic of (a) polymer lamellar crystal showing polymer chain folding 
where the chain axis is perpendicular to the lamellar surface, and (b) chain arrangement 
in a fibrillar crystal. 
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The idea that polymeric materials can go from a totally disordered state to an 
ordered state is quite amazing and not completely understood.  The initiation process for 
polymer crystallization either in the melt or solution is called nucleation.  In this process 
a ‘nuclei’ or ‘crystal embryo’ is formed and must reach a critical size [14], it is at this 
point that the polymer crystal can grow.  Polymers which have significantly regular and 
periodic chain structure like polyethylene, polypropylene, and poly(vinyl alcohol) have 
been shown to crystallize.  There are several chain irregularities that tend to retard 
polymer crystallization and these include branch points, bulky side-groups, chemically 
identical groups with different geometrical arrangements, as well as chemically different 
groups as in the case of copolymers.  In the crystalline state, polymer molecules will 
adopt the same chain conformation which will be repeated to form long range 3-D order.  
The long –range 3-D order of polymers chains in the crystalline state can be described by 
a basic unit cell which is ultimately replicated. 
 
1.1.1. Single Crystal Growth 
Nucleation and growth of polymer single crystals can occur in one of the 
following two types of geometries, lamellar (folded-chain) or fibrillar.  Although 
polymers do form single crystals, its formation is unlike low molecular weight 
compounds that can do so under almost any condition.  Polymer single crystal growth has 
to occur under the right conditions, where the chains are given sufficient energy to 
rearrange themselves into highly periodic 3-D structures.   The steric hindrances that need 
to be overcome for such a large macromolecule to form stable 3-D order are very large.  
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Both kinetics and thermodynamics contribute to the overall growth of the single crystal.  
Polymer single crystals grown at higher temperatures have higher internal energy along 
the crystal lattice because the chains are given more energy therefore, more rotational 
freedom.  Polymer crystallization at low temperatures usually occurs where there is a 
minimum of internal energy along the crystal lattice, and this is typically the more 
favorable form of crystallization for the polymer chain. 
 
1.1.2. Lamellar Single Crystals [11, 12] 
Although polymer single crystals have been demonstrated to grow in the melt [15-
19], it is very common to grow single crystals in dilute polymer solution, where polymer 
concentration is less than 1 wt %.  Single crystals grown in dilute solutions are of the 
lamellar type where the growth direction if perpendicular to the chain axis, the lamellar 
thickness on the order of 10 nm, and the transverse direction of the crystals can be up to 
several microns (Figure 1.2a).   
One of the first observations of polymer single crystals was in the 1930s of linear 
polyethylene [20].  This work sparked discussions which dealt mainly with possible 
growth models for crystals as well as the growth of short chain polymer (n-paraffins) 
single crystals [7, 21].  A short time later specific growth conditions were determined for 
growth of high molecular weight polyethylene single crystals [6].  Other high polymer 
single crystals were also reported including polyoxymethylene [8], nylon [22], nylon 66 




1.1.3. Fibrillar Crystallization [25] 
Fibrillar-type crystallization from macromolecular materials was first recorded by 
Hermann Staudinger in the late 1920s [2]. Fibrillar crystals are initiated by small nuclei 
consisting of polymer chains aligned parallel to the chain direction.  The subsequent 
growth front of these crystals continues along the chain direction (Figure 1.2b), and this 
is contrary to what is found in folded-chain crystals where the growth front is 
perpendicular to the chain direction (Figure 1.2a).  Polymer chains in both the melt and 
solutions exist as intertwined coils therefore, in order for nuclei to form these chains must 
disentangle and undergo slow transitional diffusion [25].  Since this process is difficult 
for polymers, the use of external force is needed to facilitate the formation of nuclei for 
fibrillar crystallization.  Subjecting a polymer solution or melt to flow fields has been 
shown successful for growth of fibrillar crystals.  Crystallization of high molecular 
weight polymers from stirred/sheared polymer solutions was first reported in 1960s [26-
31].  Morphological studies of fibrillar crystals show that the polymer molecules are 
extended along the length of the fibers.  These materials can have high modulus and 
strength.  Growth of fibrillar crystals from polyethylene lead to the first observation of 
the shish-kebab structure with extended-chain core  and may be credited for the ultimate 
development, and commercialization of extended chain polyethylene fiber in 1980s [32-
34] – an important milestone in the processing of high performance fibers from flexible 
polymers. After over 60 years of development in fiber processing technology, the basic 
morphological structure of commodity polymeric fibers such as nylon 6, nylon 66, 
polypropylene (PP), and polyethylene terephthalate (PET), has not changed significantly 
over the years.  Typical polymer chain morphology for fiber produced by conventional 
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means consists of both crystalline and amorphous regions (Figure 1.3).  Mechanical 
properties of fibers are significantly lower than predicted modulus and strength values for 
the extended polymer chain.  Fibrillar crystallization has shown significant promise for 
producing extended chain polymeric materials.  Fibrillar crystallization experiments 
performed using polyethylene produced macrofibers which consist of elementary fibrils 
or individual fibrillar crystals [29, 35] with significantly higher modulus and strength as 
compared to fibers produced using conventional means.  The limiting step for performing 
fibrillar crystallization on a wide range of polymers is determining the right set of 
conditions for nuclei initiation.   The discovery of single wall carbon nanotubes 
introduced a new material of nanoscale dimensions and needle- or fiber-like morphology 
that can be explored as an ideal nucleation candidate for fibrillar crystallization.    
 
 
Figure 1.3.  A schematic of the chain arrangement in drawn polymeric material with 




1.1.4. Characterization of Polymer Crystals   
Electron microscopy as well as wide-angle and small-angle X-ray scattering 
(WAXS/SAXS) were and still are main characterization tools for studying the structure 
and morphology of lamellar and fibrillar polymer single crystals.  Diffraction patterns 
obtained from electron microscopy can be related to the visual appearance of the single 
crystal.  Electron diffraction from single crystals which show minimal to no presence of 
an amorphous halo in the diffraction pattern and only sharp diffraction spots are obtained 
from similarily-oriented crystallites.  Destruction of the polymer lattice within the 
polymer single crystal by electron beam damage and cross-linking is instantaneous 
during imaging in the electron microscope.  This result in the presence of amorphous 
regions/structures within the single crystal which can be detected in the electron 
diffraction pattern by the presence of an amorphous halo superimposed on the diffraction 
spots from the crystallites.    It has been estimated that bombardment of electrons on the 
single crystals will result in disruption of the crystal lattice, and these disruptions result in 
diffusion of the crystallite diffraction spots [36].  The greater the distortion in the lattice 
the more diffused the diffraction spots become.  Although the diffracting power of a 
polymer crystal is instantly destroyed in the electron microscope this is not the case for 
X-ray analysis.  This is because the electrons in polymer crystal interact inelastically with 
the incident electron beam causing lattice vibrations and generation of thermal energy. 
For X-ray scattering which is non-destructive to the sample, X-ray photons interact 
elastically with the electrons in the sample.  Although there are several disadvantages for 
using electron microscopy for studying polymer single crystals, it is still a very powerful 
tool.  For this reason, polymer single crystal samples used in electron microscopy are 
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observed using different methods (e.g. metal shadowing, and use of low excitation 
voltage) to reduce electron beam damage. 
 
1.2. Carbon Nanotubes 
Several allotropes of carbon exist in nature.  In 1985 a new allotrope of carbon 
was discovered by Harold Kroto, James Heath, Sean O’Brian, Richard Smalley, and 
Robert Curl who synthesized the Buckyminister fullerene “buckyball”, 60C .  Kroto, 
Smalley, and Curl subsequently won the Nobel Prize in Chemistry in 1996 for this 
discovery.  This “buckyball” has a truncated icosahedron structure which resembles a 
soccer ball shape.  The carbon nanotube structure, which is a cylindrical molecule of 
carbon is a part of the fullerene family. The discovery of carbon nanotubes (CNT) has 
been credited to Iijima for his 1991 transmission electron micrographs of MWNT, and his 
1993 TEM of SWNT.  CNT comprises a large field of study which may include carbon 
nanofibers (CNF), multi-walled carbon nanotubes (MWNT), double-walled carbon 
nanotubes (DWNT), and single-walled carbon nanotubes (SWNT).  In this work CNF 
will not be included as part of the CNT family.  The term CNT will only refer to 
structures consisting of concentric graphitic layers, and this includes SWNT, DWNT, and 




Figure 1.4.  Molecular models for (a) single-wall carbon nanotube, (b) double-wall carbon 
nanotube, and (c) multi-wall carbon nanotube. 
 
The existence of tubular carboneous nano-structures dates back to much earlier.  
In 1889 a French scientist first reported the formation of graphitic structure grown for the 
vaporization of hydrocarbons.  After the development of the transmission electron 
microscope (TEM) in the 1930s, the ability to image these materials at the nanoscopic 
range became possible.  The discovery of the TEM led to several publications showing 
the existence of tubular graphitic structures, although, it is not certain that these tubular 
graphite structures were CNT with concentric graphite layers.  Tubular graphite 
structures have been around for some time, and it is possible that SWNT and MWNT 
may have existed long before Iijima’s 1991 and 1993 publications [37, 38].  His work 
showed the observation of MWNT and SWNT with concentric layers which led to an 
incredible amount of interest in the field of CNT. 
 
1.2.1 Synthesis of Carbon Nanotubes 
Control of the synthesis process is very important for the production of CNT.  
MWNT tend to grow from a carbon cathode or on a substrate, whereas SWNT tend to 
grow in the gas phase.  This may be one of the significant differences between the 
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synthesis process for SWNT and MWNT [38].  Recently vertically aligned SWNT forests 
have also been synthesized on substrates [39, 40].  SWNT self-organize into ropes which 
typically consists of anywhere from 100 to 500 SWNT.  The formation of these “ropes” 
is due to the strong van der Waals forces between tubes.  The tubes in these ropes can 
pack in either a 2-D hexagonal or trigonal crystal lattice [41].  Several production 
methods have been developed to produce SWNT.  These include laser-ablation [41], arc-
discharge [42], chemical vapor deposition (CVD)[43-45], and gas-phase chemical-vapor-
deposition (HiPCO™) process [46].  A yield of over 70-90 % can be obtained when 
SWNT are synthesized by laser-vaporization of a carbon-nickel-cobalt mixture at 1200 
°C [41].  SWNT produced in this method formed ropes that form a 2-D crystalline 
triangular lattice.  Fullerene molecules were first generated using the arc-discharge 
method, and it was during the examination of fullerene soot produced by this method that 
CNT were observed [38].  In the arc-discharge process an electric arc-discharge is 
generated between two carbon electrodes in an inert environment at high temperatures 
until sublimation of carbon occurs.  Well-packed bundles of SWNT were generated by 
arc-discharge [42].  This process was conducted in a helium atmosphere at 660 mbar 
pressure, and the arc-discharge was created using a 100 A current.  Nickel-cobalt, cobalt-
yttrium, and nickel-yttrium catalyst mixtures were all used in the process.  The Ni-Y 
combination resulted in the best yield of SWNT.  CCVD production of SWNT involves 
the decomposition of a hydrocarbon over supported metal catalyst nano-particles and as-
grown SWNT is subsequently removed from the support.  One such CCVD production 
method uses the decomposition of methane over metal particles on a MgO support at 
1000 °C [47].  SWNT were later purified and removed from the support with an acid 
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treatment – the overall yield in this method was 70-80 %.  For SWNT production using 
the HiPCO™ process CO pressure is maintained between 30 to 50 atm and the 
temperature ranges from 900 to 1100 °C.  During the process gas phase CO is flowed 
over catalytic iron clusters Fe(CO)5.  At this temperature and pressure the flow of CO 
causes the thermal decomposition of Fe(CO)5 which leads to the formation of SWNT.  
This production method can yield a production rate of 450 mg/h of SWNT, and each 
batch has a purity level of ~97 % [48]. While all these synthesis methods provide a way 
to produce sufficient batches of CNT, controlled synthesis of CNT is needed particularly 
for SWNT.  Production of SWNT with specific chirality and diameter could have 
significant implications for materials produced using SWNT for electrical and optical 
applications since these parameters govern the semi-conducting and metallic properties of 
SWNT. 
In all current production methods for SWNT a typical batch contains impurities 
that consist of metal catalyst [43], amorphous carbon, and other non-SWNT crystalline 
carboneous materials.  For this reason, it is necessary to remove these impurities to make 
efficient use of SWNT material.  There have been many methods used to purify as-
produced SWNT.  Most purification processes while they remove impurities also result in 
the destruction of SWNT.  The preservation of SWNT yield during purification is 
important.  Most purification processes for SWNT involve oxidation of the SWNT 
material in either liquid or gas phase. The liquid phase occurs in an acid.  Examples of 
acids include nitric or sulfuric acid [49, 50].  The major function of this liquid-phase 
oxidation or refluxing process is to remove the metal catalyst however; it has been shown 
that this process can also lead to the introduction of functional carboxylic groups on the 
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SWNT as well as defect sites.  The gas-phase oxidation process is also a necessary step 
for SWNT purification, and this typically occurs in an oxygen environment.  During gas-
phase oxidation, the temperature and pressure of the furnace is varied to change the 
oxidation levels.  Similarily in the liquid-phase, reflux time, temperature, as well as the 
acid molarities can be changed to vary oxidation level.  A purification process developed 
for HiPCO™ tubes involve oxidation in a wet Ar/O2 environment followed by sonication 
in HCl [51] to remove iron oxide particles.  SWNT produced by the arc-discharge 
method have been purified by first refluxing in 3M nitric acid for 16 h producing a yield 
of 82 % of the original carbonaceous material.  This process is followed by oxidation in 
air at 550 °C for 30 min and the final yield is only 20% of the original material.  This 
material is further annealed at 1500 °C in vacuum [52].   
 
1.2.2. Characterization of Carbon Nanotubes 
There are several tools used to characterize the properties of carbon nanotubes 
including Raman spectroscopy, UV-VIS-NIR spectroscopy, X-ray diffraction, as well as 
TEM.  Raman spectroscopy is a powerful technique for characterization of SWNT 
because of the strong resonant behavior associated with the one-dimensional electronic 
properties of the SWNT.  Raman bands associated with the radial breathing mode (RBM) 
or Ag active bands, which occur due to the collective motion of all the atoms moving 
along the radial or circumferential direction of the tube typically occur between 150 to 
450 cm-1.  The RBM peak positions are strongly dependent upon the SWNT diameter.  
Peaks observed within this frequency range can be used to estimate the diameter 
distribution in a given SWNT batch.  The relationship between frequency wavenumber 
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(ν ) and diameter )( td  is )(8.223)(
1 nmdcm t=
−ν [53].  These Raman modes can also be 
assigned to (n,m) chiral vectors, which are also related to the tube diameter. Raman bands 
between 1400 and 1700 cm-1 are associated with the tangential vibration of the carbon 
atoms along the longitudinal axis of the tube or Eg active modes, and are dependent upon 
the excitation laser frequencies.  Raman profiles can also give information about the 
electronic structure of SWNT [54].   
Absorption spectroscopy in the ultraviolet to near infrared region (UV-VIS-NIR) 
can also be used to provide useful information about SWNT.  The electronic properties of 
SWNT are dictated by their structure therefore, if (n-m) is a multiple of 3 the tubes are 
metallic else they are semi-conducting.  The semi-conducting and metallic properties of 
SWNT are associated with a specific density of states (DOS) where, the band-gap is 
related to tube diameter [55].  Lower energy van Hove transitions (associated with the 
DOS of SWNT) for metallic tubes can be observed between ~400 to 600 nm while higher 
energy transitions of semi-conducting tubes can be observed between ~550 to 1600 nm in 
the absorption spectra.  Broadened and red-shifted van Hove features in the absorption 
spectra are associated with the aggregation of SWNT into small bundles while sharper 
features are associated with isolated tubes [56].  This tool can be used to probe the 
exfoliation status of SWNT in a solution or solid-state material.  It also provides a picture 
for the electronic diversity of the types of SWNT present in a given production batch. 
X-ray diffraction is another method that can be used to characterize SWNT since 
SWNT bundles can pack into either a 2-D hexagonal or trigonal crystal lattice (Figure 
1.5).  Typical X-ray profiles for SWNT powder show the presence of (hk) reflections [41, 
42].  Although higher order (hk) peaks have been observed for well crystallized SWNT 
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samples [41], this is not typical due to the high curvature and entanglement of SWNT 
bundles.  For most SWNT samples, the (10) and (11) peaks are the predominant features 
in X-ray patterns and can be used to determine the average diameter and monitor changes 
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Where td  is SWNT diameter, and id  is inter-tube spacing typically taken as 0.32 nm[57] 
for SWNT powder.  Both (10) and (11) peaks show up as broad peaks except for well 
crystallized samples [41, 42].   
 
Figure 1.5.  A schematic of the hexagonal crystal arrangement of SWNT in a bundle/rope. 
 
Electron microscopy also provides a direct way for imaging SWNT.  The first 
images of SWNT were obtained by TEM.  SEM typically does not have the resolution to 
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image individual SWNT however; it can be used to observe SWNT ropes.  Direct lattice 
imaging of CNT can be obtained by TEM.  SWNT, DWNT, and MWNT can be 
distinguished clearly based on the number of sidewalls.  TEM is also used to observe 
SWNT before and after purification procedures to see whether metallic nano-particles 
have been removed.  Electron diffraction has also been used to measure the chiral 
distribution of tubes in a SWNT bundle [58] as well as the walls in MWNT [59].  Both 
SEM and TEM only provide small snapshots of the entire sample.  Electron microscopy 
is a complimentary characterization tool along with spectroscopy and thermal 
characterization. 
 
1.2.3. Properties of CNT 
CNT have been shown to possess a unique combination of exceptional properties 
making them useful for mechanical, thermal, optical, electrical, and biomedical [60, 61] 
applications. Young’s modulus for a (10,10) tube has been calculated to be 0.64 TPa [62].  
Other calculated properties include 1E , 2E , and 12G  which are the axial, transverse, and 
shear moduli while 12ν  is the Poisson’s ratio.  The parameter values are 640 GPa for axial 
modulus [63]; 15 GPa for transverse modulus [64]; 19.5 GPa (1 nm), 6 GPa (5 nm 
bundle), and 1 GPa (20 nm bundle) for shear modulus [64-66]; and 0.17 for the Poisson’s 
ratio [64]. Electrical conductivity for SWNT along the longitudinal direction can reach up 
to 106 S/m at 300 K [41].  Longitudinal electrical conductivity for MWNT has been 
measured to be 5000 S/m [67]. Although CNT are currently used for a wide variety of 
applications the commercialization of most materials especially those made using SWNT 
is limited because of high CNT cost (SWNT ~ $300 to 2000/g [68]). 
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1.2.4. SWNT-Polymer Composites 
The production of polymer composites using a variety of fillers is not a new field.  
No material combining the dimensional and mechanical properties of SWNT has ever 
been available until recently.  Their small dimensions mean a large surface area (~1300 
m2/g) which allows for much more surface interaction with the polymer matrix compared 
to conventional fillers like carbon fibers which have microscopic dimensions.  The idea 
behind polymer/SWNT composites is to produce materials that will utilize the properties 
of both the polymer and the SWNT whether it is for mechanical, electrical, thermal, or 
optical applications.  In this section the focus will be limited to the mechanical 
reinforcement in polymer/SWNT composites. 
Most of the exceptional properties associated with SWNT are predicted for 
individual SWNT.  Difficultly lies in the processing path for SWNT/polymer composites 
because of the existence of SWNT bundles due to strong van der Waals forces, and 
weaker interfacial interaction between SWNT and polymer.  It is desirable to process 
composites that can take advantage of the properties of individual SWNT to obtain the 
maximum effect of SWNT in the composite.  For this reason, dispersion and exfoliation 
of SWNT in the polymer matrix are key issues in polymer/SWNT composite processing.  
The initial work on polymer/SWNT composite materials has hinted at the evidence of 
interaction between the polymer matrix and SWNT.  Composite fibers produced from 
polyacrylonitrile (PAN) [69], and poly(p-phenylene benzobisoxazole) (PBO) [70] have 
shown a reduction in thermal shrinkage.  Since the shrinkage occurring in polymers are 
of an entropic nature the presence of SWNT act as a barrier to these actions, and the 
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polymer is not free to move about easily which indicates good polymer-SWNT 
interaction.  Recent work on PAN/SWNT gel-spun fibers has shown that during fiber 
drawing the SWNT bundles are exfoliated [71].  During the drawing process, the PAN 
molecules are extended, and due to good PAN-SWNT interaction the SWNT bundles are 
dragged along and subsequently exfoliated. 
 
1.2.5. Dispersion Methods 
Dispersion and exfoliation are key issues in polymer-SWNT composite 
processing.  As-produced SWNT materials are insoluble in organic solvents, making it 
difficult to process.  Stable SWNT solutions have been obtained in strong acids where the 
acid protonates the SWNT therefore counteracting van der Waals forces between SWNT.  
The use of strong acids for materials processing is rather limited.  This problem has been 
addressed in several ways which include chemical attachment of functional groups to 
SWNT, surfactant treatments, and sonication.   
Chemical functionalization of SWNT is typically achieved by oxidation of 
SWNT[72].  This method leads to the shortening of SWNT [72], introduction of defects, 
and sometimes the large destruction of the graphitic structure of SWNT [73].  Further 
functionalization of SWNT with a polymers and proteins like DNA [74] can also be 
achieved by several methods.  Functionalization of SWNT with proteins have been 
shown to improve the load transfer and cohesion between PVA matrix and the SWNT 
[75, 76].   
Several surfactants have also been used to disperse SWNT, and these include 
sodium dodecyl sulfate (SDS), sodium dodecylbenzenesufonate (SDBS), Triton X-100, 
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cetyltrimethylammonium bromide (CTAB), dodecyltrimethyl ammonium bromide 
(DTAB), Tween, polystyrene sulfonate, and PEO-PPO-PEO triblock polymer [77-79].  
The idea behind the use of surfactants as a dispersing agent for SWNT is to form a 
coating on the SWNT which will subsequently induce electrostatic repulsions between 
the tubes.  The use of surfactants can become a problem since complete removal of the 
surfactant for later processing is very difficult and in most cases not possible.  Phase 
diagrams produced for SDS/SWNT/water system shows that there is an optimal range for 
the SDS to SWNT concentration in order to obtain a homogeneously dispersed system 
[80].  The use of SDS has been very successful for producing SWNT dispersion where 
SWNT are exfoliated to individual SWNT.  Absorbance spectra for SDS treated SWNT 
further stabilized with poly(vinyl pyrrolidone) (PVP) have been obtained and show the 
presence of individual SWNT[55]. SDS/SWNT/PVP systems have also been used with 
PVA to produce composite films at SWNT loading of 1 and 5 wt%, and these films show 
evidence of good load transfer between SWNT and matrix [81].  
PVA/SDS/SWNT/collagen films produced with 4 wt % SWNT show an increase of 170 
% in tensile strength and a 167 % increase in modulus as compared to PVA/SDS/SWNT 
(4 wt%) films [82].  Although the structure is not known for certain, experimental 
evidence suggests that surfactants like SDS form ordered domains on the surface of 
SWNT [83]. 
Sonication of SWNT in a variety of organic solvents is often preformed before 
processing with polymer.  Debundling of SWNT can be achieved by sonication.  This 
process can break the SWNT down to shorter lengths which is undesirable for processing 
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composites with high mechanical properties.  In recent work, SWNT have been dispersed 
with little to no sonication with the use of ionic liquids [84].    
 
1.3. PVA/SWNT Composites 
 Poly(vinyl alcohol) (PVA) has played a critical role in single wall carbon 
nanotube processing [75, 81, 85-88].  Macroscopic fibers from SWNT were for the first 
time processed in PVA solutions [80].  Super tough fibers have also been processed from 
PVA/SWNT composites [89, 90].  SWNT dispersed in polyvinyl alcohol (PVA) were 
used to make films at concentrations of 0.1 and 1 wt%.  DSC studies of these 
PVA/SWNT films show the evidence of increase PVA degradation during second heating 
cycles as compared to control PVA films[91].  Increased toughness of polymer soaked 
SWNT buckypaper has been attributed to the load transfer between SWNT and polymer.  
Interfacial interaction between SWNT and polymer is expected from the knowledge that 
the polymer can crystallize on the surface of SWNT bundles [92].  The morphology study 
using SEM shows a sheath core structure, where the sheath is composed of densely 
aligned nanotubes bundles (caused by the flow of PVA), and the core consists of a 
loosely packed nanotubes (less aligned) bundles called “nanofelt”.  The bundle size range 
is 10-30 nm.  Absorption was studied using capillary condensation, and wetting was 
studied using droplet absorption.  The pore size distribution of the fiber is 0.3 to 50 nm.  
The absorption isotherms of the fibers are comparable to buckypaper, there are both 
mesopores (hysteresis loops form which are typical of mesoporous solids) and 
micropores [93].     
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1.3.1. SWNT as a Nucleating Agent 
Although both MWNT and SWNT have been used as reinforcement agents in the 
polymer matrix this work will primarily focus on the work of SWNT/polymer 
composites.  Studies of SWNTs and MWNTs in polymer matrices are shown to nucleate 
crystallization.  Multi-walled carbon nanotubes (MWNT) have been shown to improve 
polymer crystallinity in poly(ethylene terephthalate)[94], poly(ε-caprolactone) [95], 
poly(m-phenylenevinylene-co-2,5 dioctyloxy-p-phenylenevinylene) [96] composites. 
MWNT was also shown to nucleate alternate crystal structure growth in nylon 1010 [97], 
and polypropylene [98] composites.  A number of recent studies demonstrate that single 
wall carbon nanotubes act as a nucleating agent for polymer crystallization [88, 99-108] 
including  poly(vinyl alcohol) [109, 110], polypropylene [111], and polyethylene [112].  
Polymer/SWNT studies show that a smaller crystallite size is found in the case of the 
composite versus the pure polymer [99, 106, 112], and this is indicative of the increased 
number of nucleation sites due to SWNT.  Isothermal crystallization studies of 
polyethylene (PE)/SWNT composites show that onset of crystallization can occur earlier 
in the composites than the neat polymer, and the crystallization rate is faster in the 
composite [113].  In-situ polymerization of ε-caprolactone in the presence of SWNT 
leads to the formation of film nanocomposites containing ε-caprolactone functionalized 
SWNT in the polymer matrix with concentrations from 0.5 to 4.6 wt %.  DSC results 
implied that the presence of SWNT in the ε-caprolatone matrix increased crystallinity, 
but crystal growth was much faster – possibly due to the increase of nucleation density 
because of SWNT [102].  Comparison studies on each nanocomposite as a function of 
SWNT concentration show little differences.  In PVA/MWNT composites increased 
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sonication time provides more time for the entire MWNT free surface to be exposed to 
the free polymer allowing PVA to form surface layer [114].  Increased mechanical 
strength in Polymer/CNT composites can be expected in a nanocomposite when the 
polymer crystallization is readily promoted by the presence of CNT.  This type of 
interaction will positively affect the mechanical properties of the nanocomposite [110].   
 
1.3.2. SWNT Templated Crystallization and Orientation 
Due to the high curvature of SWNT, it is unexpected for SWNT to template 
crystallization at the molecular level.  When the SWNT and surrounding material have 
high interaction templating behavior is observed.  Small molecules such as H2SO4 have 
been shown to form ordered structures induced by SWNT [115].  X-ray diffraction gives 
evidence of orientation.  Proteins have been shown to crystallize in an ordered helical 
fashion on the surfaces of MWNT [116].  The MWNT that induces protein crystallization 
are of a specific size, and protein crystallization occurred consistently throughout the 
system.  SWNT has also been shown to induce crystallization and orientation in the 
sheared polymer melt [117], and polymer melt containing aligned SWNT [118].  
Polyethylene (PE) and nylon 66 have been shown to crystallize on the surface of both 
SWNT and MWNT to form nano hybrid shish kebab (NHSK) structures [100].  Recently 






1.4. Interface/Interphase [119] 
Studying the nature and morphology of interfaces/interphases is important for 
understanding adhesion, composites, blends, and dispersions.  The interface can be 
defined as the boundary between the reinforcement component and the matrix, or the 
boundary between two matrices in a blend.  The interphase also termed the interfacial 
layer or interfacial region is define as the inhomogenous region between two bulk phases 
where the properties do not match those of the bulk phase in a composite or blend.  These 
property changes include compositional changes, molecular density, orientation, charge 
density, or electron density.  Variations in the interphase occur in the direction normal to 
the bulk phases.  Figure 1.6 describes both the interface and interphase pictorially.   The 
properties of a composite result from the combined behavior of the reinforcement 
component (filler), matrix, and filler/matrix interface.   
The types of interfacial bonding between reinforcement materials and matrix fall 
into three main categories: mechanical bonding, physical bonding, and chemical bonding.  
Mechanical bonding takes into account interlocking or gripping interactions between both 
materials.  In the case of mechanical bonding, the presence of internal compressive forces 
on the reinforcement materials is usually detected [120, 121].  Physical bonding at the 
interface involves secondary, van der Waals, dipolar, or hydrogen bonding between the 
materials.  Chemical bonding occurs when there is a reaction at the interface.  Chemical 
bonding can be induced using coupling agents for glass fiber composites, or using surface 
treatments as in the case of carbon fibers.  Test methods used to measure the degree of 
interfacial bonding in composites include flexural tests, bending tests, interlaminar shear 
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stress test (ASTM D2344), single fiber pullout tests, fragmentation tests [122], as well as 
indentation tests. 
 
Figure 1.6.  Schematic of (a) a composite, and (b) a blend showing both the interface and 
interfacial region/interphase. 
 
1.4.1. Role of Interface/Interphase in Composites 
Fabrication of composites has led to a class of materials with improved properties 
over conventional materials.  Some of the common reinforcement materials used in 
composites are glass fibers, ceramic fibers, boron fibers, silicon carbide, carbon fibers, 
and organic fibers (oriented ultra-high molecular weight PE, and aramid fibers).   Typical 
matrix materials include polymer, metals, and ceramic.  It is important that the 
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components of the composite work together well.  For this reason a well-bonded interface 
is desirable for composites.  The composite will be weakened by flaws at the interface 
and will ultimately fail.  A great deal of work has gone into studying the interface in 
composites and improving interfacial interactions.  Most reinforcement fibers undergo 
some kind of surface treatment before being added to the matrix material in order to 
improve interfacial interactions. 
To increase interfacial bonding in polymer/glass fiber composites, glass fibers are 
typically treated with silane molecules with the molecular formula R-SiX3.  The R group 
is usually compatible to the polymer and the X groups can be hydrolyzed in aqueous size 
solutions to form hydrogen bonds with the glass surface.  Aramid fibers (e.g. Kevlar®), 
and high performance PE fibers (Dyneema®, and Spectra®) show poor adhesion to 
polymer matrices in composites.  Hydrolysis of Kevlar can be carried out using acids 
(HCl, H2SO4) or a base (NaOH) to introduce functional groups on the surface for better 
matrix interactions [119].  Plasma treatment of PE fibers has been shown to increase 
surface roughness and add functional groups to the fiber surface to increase interfacial 
interactions [123, 124]. 
In order to increase bonding between the polymer matrix and carbon fibers 
oxidative treatment of the fibers with dilute nitric acid or dilute sodium hydroxide was 
performed to etch fiber surface and introduce surface groups [125].  Oxidative treatment 
of carbon fibers produce —CO2H, —C-OH, and —C=O functional groups at the fiber 
surface.  Surface treatment of carbon fibers has been shown to improve adhesion between 
the matrix and fiber due to the removal of the weak outer layer on the carbon fibers, and 
the introduction of functional groups which interact with the matrix [126].  Oxidation of 
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carbon fibers can be carried out in both the liquid [125, 127] and gas phase [128].  
Another method used to increase interfacial interaction in carbon fiber composites is 
whiskerization.  This involves the growth of silicon carbide single crystals on the surface 
of the fibers by chemical vapor deposition (CVD).  Carbon fiber/epoxy composites which 
use whiskerized fibers show almost three times the interlamellar shear strength as 
compared to composites without whiskerized fibers[129].  The process of whiskerization 
is expensive and can also weaken the carbon fiber.   
 
1.4.2. Role of Interface/Interphase in Nanocomposites 
Nanocomposites are comprised of a field where the reinforcement material has at 
least one dimension in the range of few to tens of nanometers.  Due to the size of nano 
materials composites can be reinforced with small amounts of these materials.  Methods 
for synthesis of nanomaterials include hydrothermal synthesis, sol-gel synthesis, CVD, 
microwave synthesis, and high-energy ball mill processes [130].  The most widely 
investigated nanocomposites are layered silicate composites and CNT composites.  
Polymer/layered nanocomposites can be classified into three categories: intercalated, 
flocculated (aggregated), and exfoliated.  For intercalated sample, the matrix material 
alternates almost periodically with the nano materials.  For exfoliate nanocomposites the 
matrix is dispersed randomly around the nano material.  In both theses cases the 
interaction between matrix and nanofiller is greatest and this translates to more interfacial 
regions.   
Nylon-6/clay nanocomposites studied by X-ray and DSC show changes in 
crystallization and crystallinity in nanocomposites indicating some specific interaction at 
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the nylon-6/clay interface [131].  For a metal nanocomposite Al2O3/SiC and Al2O3/TiN 
interfaces were studied by measuring interfacial dihedral angles using TEM to determine 
the interfacial energy.  It was found that SiC strength grain boundaries in the composites 
whereas TiN weakened grain boundaries and these properties were translated to the bulk 
composite properties [132].  TEM images PMMA/silica nanocomposites show that 
PMMA monomer forms a uniform coating on the silica particles and PMMA latex 
particles are formed during in-situ polymerization at the silica surface indicating good 
interfacial interaction between PMMA and silica [133].  Other nano materials have also 
been shown to interact near the interface with polymers that are able to intercalate into 
the material [134].  These materials include metal chalcogenides (e.g. (PBS)1.18, and 
(TiS2)2), carbon oxides (e.g. graphite oxide), metal phosphates (e.g. Zr(HPO4)2), clays 
and layered silicates (e.g. montmorillonite, hectorite, saponite), and layered double 
hyroxides (e.g. Mg6Al2(OH)12CO3 nH2O). 
 
1.4.3. Role of Interface/Interphase in Polymer/CNT Composites 
Because of the perfect graphitic structure of CNT, they are atomically smooth.  
Surface roughness is introduced into CNT surface by the presence of defect sites, or 
attachment of functional groups to the surface.  Unlike macroscopic composites the 
dimensions of CNT are so small that mechanical and physical bonding between the 
matrix and CNT is more likely.  Chemical bonding can also occur when there are 
functional groups attached to the CNT surface that can interact with the matrix material.  
Single fiber pullout test performed using MWNT and polyethylene-butane show 
interfacial strength of 50 MPa [135].  Finite element simulation of functional-
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MWNT/epoxy composite estimate that interfacial strengths as high as 5 GPa can be 
achieved when there is one chemical bond with the matrix per repeat unit of CNT [136].   
Interfacial strength was shown to decrease to 500 MPa and 50 MPa when chemical 
bonding between the matrix and CNT was reduced to 5 bonds per 10 nm of CNT, and 3 
bonds per 20 nm of CNT respectively [136].   Polymer molecules have been shown to 
wrap CNT leading to improved mechanical properties and crystallinity in the samples 
prepared [137, 138].  PAN/SWNT fiber prepared by gel-spinning show the presence of a 
well-crystallized interphase region [71].    Functionalization of MWNT with epoxide-
based groups was performed in order to obtain entanglements and increase interaction 
between functional groups and epoxy at the epoxy/CNT interface [139].  Pull-out studies 
of MWNT and SWNT ropes in epoxy report interfacial strength of 35 to 376 MPa for 
MWNT and ~366 MPa for a 12 nm SWNT rope [140].  TEM image of these composites 
show a layer of epoxy coated on the CNT.  In-situ studies of polystryrene (PS)/MWNT 
composites show that as the composite is fractured MWNT bridge the crack and do not 
break or pull out until the crack exceed ~800 nm.  Improved mechanical properties of 
these composites show the evidence of good load transfer between PS and MWNT [141].  
Understanding polymer properties near the polymer/CNT interface is important to 
address key issues about the optimization of mechanical properties in these composites.   
There has been a tremendous amount of work in the literature dedicated to 
polymer/SWNT composites.  A large percentage of this work reports about 
polymer/SWNT materials in which the SWNT are still in bundle form.  Very little has 
been reported on polymer/SWNT nanocomposites where SWNT have been fully 
exfoliated [71].  The research challenge of dispersing and exfoliating SWNT is one that 
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requires much needed attention.  Many have sought to answer this question by examining 
the solution properties of SWNT in different solvent systems, others use chemical 
methods to alter the surface structure of SWNT making them more compatible with 
solvents, and this process also alters the inherent properties of SWNT.  Still others try to 
study the nature of interaction between different polymers and SWNT as a method for 
improving dispersion.  In this work, we will focus on the third method of studying 
polymer-SWNT interaction by looking in detail at the nucleation capability of SWNT to 
crystallize polymers and change polymer morphology.   
 
1.5. Thesis Objectives 
The key objectives of this study are: 
 To study carbon nanotube templated orientation and crystallization of 
poly(vinyl alcohol). 
 To study the single crystal growth of polyvinyl alcohol under different growth 
conditions. 
 To study the single crystal growth of poly(vinyl alcohol) in the presence of 
SWNT as a nucleating agent. 
 To study the effect of carbon nanotubes on gelation, crystallization, and 
drawing behavior of poly(vinyl alcohol). 
 To study the structure and properties of gel spun poly(vinyl alcohol)/carbon 
nanotube fibers. 
 To study the interphase of polymer/carbon nanotube composites. 
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CHAPTER 2 
CARBON NANOTUBE TEMPLATED ORIENTATION AND 
FIBRILLAR CRYSTALLIZATION OF POLY(VINYL ALCOHOL)  
 
2.1. Introduction 
Polymer orientation and crystallization are key steps needed to process polymeric 
fibers with modulus and tensile properties that approach theoretical values.  CNT have 
been studied as reinforcement agents in polymer fibers, but their unique needle-like 
morphology has not yet been fully explored as a possible crystallization and orientation 
template for flexible polymers.  As discussed in chapter 1 a number of recent studies 
demonstrate that SWNT act as a nucleating agent for polymer crystallization and the 
oriented template for small molecules.  Also discussed, is the critical role of PVA in the 
processing of PVA/SWNT composite fibers and films.  In this chapter, we report that 
stirred and sheared solutions of PVA result in the formation of isotropic fibers with low 
crystallinity, while under comparable conditions PVA/SWNT dispersions result in 
oriented fibers with high crystallinity.  
 
2.2. Experimental 
Atactic poly(vinyl alcohol) (PVA) (from Kuraray Co. Ltd., lot # 636837, degree 
of polymerization: 18,000, and 98.4 % hydrolyzed) was dissolved in an 80:20 volume 
ratio of dimethyl sulfoxide (DMSO) (from J.T Baker Cas. No. 67-68-5) and distilled 
water respectively in a 1 liter 3-necked round-bottomed flask equipped with a magnetic 
stir bar and Liebig condenser assembled for reflux and heated to 110 °C to obtain a 1 
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wt% PVA solution (80 ml DMSO, 20 ml water, and 1.1 g PVA).  SWNT (obtained from 
CNI, lot# P-0247, purity > 98 %) (10mg/ml) dispersion was obtained in DMSO by 
sonicating (using a Fisher FS30 bath sonicator, frequency 43 kHz, power 150 W) for 12 h 
at 55 °C and subsequently added to the PVA solution to obtain PVA:SWNT weight ratio 
of 99:1. The mixture was stirred with an overhead mechanical stirrer (Caframo high shear 
mixer, model# BDC1850) at shear speeds between 500 RPM to 800 RPM continuously 
for 72 h.  Dispersion was periodically sonicated for about ten minutes after every two 
hours while stirring. The same procedure was carried out for PVA solution without 
nanotubes. Macroscopic fibers formed in each solution within two hours of stirring, and 
no change was observed after about six hours. Continuous sonication results in 
dissolution of these fibers.  Fibers were placed on a glass slide and dried in the hood for 
several days followed by drying under vacuum at 30 °C for 72-96 h.   
 
2.2.1. Sample Characterization   
  Scanning electron microscopy (SEM) was done on LEO 1530 thermally assisted 
field emission microscope (accelerating voltage 10 kV) (manufactured by Carl Ziess 
Micro-Imaging Inc., Thornwood, NY, USA) on samples sputtered coated with gold. To 
reveal the internal fiber structure, both PVA and PVA/SWNT fibers were split using a 
needle for SEM observation. Transmission electron microscopy (TEM) was done using a 
Hitachi HF-2000 Field Emission Gun electron microscope (accelerating voltage 200 kV) 
(manufactured by Hitachi High Technologies America Inc., Pleasanton, CA, USA).  
TEM samples were prepared by taking a drop of fibril containing dispersion using a 
pipette and dropping it on lacey carbon coated 300 mesh copper grids (Electron 
Microscopy Sciences Cat. # 71140). Grids were dried in air under a hood for several 
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days.  Raman spectroscopy was performed on a Holoprobe Raman microscope 
(manufactured by Kaiser Optical Systems Inc., Ann Arbor, MI, USA) at an excitation 
wavelength of 785 nm and 1.5 MW beam power. Leica DMRX Optical Microscope 
(manufactured by Leica Microsystems, Gemany) equipped with a Sony Digital Photo 
Camera DKC-5000 was used to image the fibers and study their birefringent behavior.  
Wide-angle X-ray scattering was done on the Rigaku Micro Max 002 X-ray generator 
operated at 45 kV and 0.66 mA and equipped with R-axis VI++ detector (manufactured 
by Rigaku/MSC, Inc., The Woodlands, TX, USA). For X-ray studies, single filaments 
were mounted on the tip of 0.3 mm diameter glass fibers (Hamilton Research Cat. # 
HR8-030).  Crystallinity and orientation from wide angle X-ray diffraction were 
determined using the software MDI Jade 6.1.  AreaMax software was used for 
background subtraction and integration. The area due to the crystalline and amorphous 
contribution of the polymer was determined by peak fitting analysis.   
 
2.3. Results and Discussion 
Diameter/width of both the PVA and PVA/SWNT self-assembled fibers/ribbons 
is in the range of 5 µm to 45 µm, and the length is typically from 0.5 mm to 3 mm. Both 
the PVA and PVA/SWNT fibers are composed of fibrils ranging from about 100 nm to 
800 nm in diameter (Figure 2.1). The PVA/SWNT fibrils also appear to consist of nano 
fibrils ranging from 25 nm to about 100 nm in diameter, while the PVA fibrils did not 
show the obvious presence of nano fibrils. In the case of both PVA and PVA/SWNT 
fibers the fibril formation with respect to the macroscopic fiber demonstrate some degree 
of ordering, and this may be induced by the shear forces in the flow field (Figure 2.2).  
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Wide-angle x-ray scattering (Figure 2.3) and polarizing optical microscopy, both show 
that PVA fibers are isotropic, while PVA/SWNT fibers are oriented (Figure 2.4a and 
2.5).  
Figure 2.1.  Scanning electron micrographs of self-assembled (a) PVA and (b) 
PVA/SWNT fibers. (a1, b1) fiber surface, (a2, a3) and (b2, b3) internal surface obtained by 









Figure 2.3.  Peak fitted integrated X-ray diffraction intensity as a function of 2θ of self-
assembled PVA fiber. Inset: wide-angle X-ray diffraction pattern with vertical fiber axis. 
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  Wide-angle X-ray diffraction (WAXD) of the self-assembled PVA fibers show 
strong intensity (101) peak (Figure 2.3), which is also the case for solution spun and 
drawn PVA fibers [142, 143].  In the self-assembled PVA/SWNT fibers, medium 
intensity (101) reflection is observed as a four-point pattern at 32.2º off the meridian. 
Strong intensity (200) reflection is present on the equator, and the (102) plane is on the 
meridian (Figure 2.4b). Various crystal sizes determined from WAXD data using 
Scherrer equation [144] (using K= 0.9) as well as d-spacing values in both PVA and 
PVA/SWNT fibers are listed in Table 2.1. The crystallinity in self-assembled PVA and 
PVA/SWNT fibers, determined using crystalline and amorphous peak areas, was about 
48 % and 84 %, respectively (Figures 2.3 and 2.4a). It is noted that crystallinity in gel 
spun PVA/SWNT fiber (draw ratio 6), containing 3 wt% SWNT was only ~53 % [88].  It 
is noteworthy that 84 % crystallinity in the current work is without annealing or drawing.   
 
Table 2.1.  Wide-angle X-ray determination of d-spacing and crystal size for 
predominant (hkl) planes in both self-assembled PVA and PVA/SWNT fiber diffraction 
patterns. 















(100) — — — 11.3 0.785 4.2 
(001) 15.5 0.571 3.1 15.8 0.559 2.2 
(101) 20.4 0.434 6.3 19.5 0.453 6.6 
(200) 22.9 0.387 6.2 22.7 0.390 5.8 
(102) 34.5 0.259 9.7 — — — 




Figure 2.4.  Wide-angle X-ray diffraction of self-assembled PVA/SWNT fiber.  (a) Peak 
fitted integrated intensity as a function of 2θ.  Inset: wide-angle X-ray pattern with 
vertical fiber axis.  (b) Equatorial, meridional, and off-axis (32.2° from the meridian) 
intensity as a function of 2θ.  (c) Azimuthal intensity plot for the (101) diffraction plane. 




Figure 2.5.  Optical micrograph of self-assembled PVA/SWNT fiber under cross 
polarizers.  Fiber axis is at 45° to the polarization direction. 
 
PVA orientation factor, fb , was determined from (200) and (001) diffraction 
planes using Wilchinsky’s equation [145]:     
cos2θb−axis =1−
(1− 2sin2 ρ2)(cos
2 φ1) − (1− 2sin
2 ρ1)(cos
2 φ2)
sin2 ρ1 − sin
2 ρ2








        (2.2) 
The subscripts, 1 and 2 refer to the two planes, (200) and (001), used in the orientation 
characterization, and ρ  is the angle between the given plane normal and the a- or c-axis. 
PVA unit cell parameters are [146]: a = 7.81 Å, b = 2.52 Å, c = 5.51 Å, β = 91.7°. Thus, 
ρ  values for (200) and (001) are calculated with respect to the a-axis to be 0° and 88.3°, 
respectively. The (200) and (001) azimuthal intensity was used to calculate cos2 φh 0l  for 
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the two planes. Using this approach axisb−θ
2cos , and fb  in the PVA/SWNT fiber was 
calculated to be 0.82, and 0.72, respectively giving PVA misorientation angle, axisb−θ  of 
about 26° with respect to the fiber axis.   
Figure 2.4c shows the (101) intensity as a function of azimuthal angle. The angle 
between (101) plane normal and the self assembled fiber axis (α) was calculated using 




coscos =          (2.3) 
Where δ is the azimuthal angle between the diffraction maximum and the meridian 
direction as measured from the X-ray, and θ is the (101) Bragg angle. The values for δ 
and θ measured from WAXD were 32.2º and 10.2°.   From these parameters, α was 
calculated to be 33.6°, while the theoretical value based on above listed unit cell 
parameters would be 35.2º. Peak-fitting analysis of the equatorial WAXD scan of the 
self-assembled PVA/SWNT fiber also shows a low intensity (101) peak on the equator 
(Figure 2.4b), suggesting two distinctly different orientations of the PVA molecules in 
the self-assembled fiber.   
The presence of SWNT in fibers assembled from PVA/SWNT dispersion was 
confirmed by Raman spectroscopy (Figure 2.6a), where the Raman spectrum of the self-
assembled fiber is compared to the spectrum of the SWNT powder. Due to resonance 
enhanced Raman scattering, SWNT intensity dominates and no PVA peaks were 
observed in the Raman spectra even at this low SWNT concentration. As can be seen in 
Figure 2.6, Raman spectrum of the PVA/SWNT fiber is nearly identical to the SWNT 
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powder spectra. Polarized G-band Raman intensity as a function of the angle between the 
polarization direction and fiber axis is given in figure 2.6c. The average SWNT 
orientation with respect to the fiber axis was calculated using a previously described 
method [65, 71] from the polarized Raman G-band intensity as a function of polarization 
angle. SWNT orientation factor was determined to be 0.44, which yields an approximate 
SWNT orientation angle of about 38° from the self-assembled fiber axis. 
 
 
Figure 2.6.  Raman spectra of (a) SWNT powder and (b) self-assembled PVA/SWNT 
fiber.  (c) Polarized tangential mode (G-band) Raman intensity of the self-assembled 
PVA/SWNT fibers as a function of angle between polarization direction and the fiber axis. 
 
High-resolution transmission electron micrograph (HR-TEM) in Figure 2.7a 
shows a PVA/SWNT nano fibril of about 120 nm diameter.  Higher magnification lattice 
images of this nano fibrils (Figure 2.7b and 2.7c) show well resolved (200) lattice planes 
as well as the presence of SWNT. (200) plane and hence the b-axis (the PVA chain axis) 
is parallel to the SWNT axis and both are in turn perpendicular to the nano fibril axis. 
Moire [148] patterns can also be seen in Figure 2.7b (indicated by arrow). Figure 2.7 
shows significantly larger crystal sizes, both along and perpendicular to the b-axis 
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direction, than the average crystal sizes observed from X-ray. It is also noted that 
PVA/SWNT fibrils were highly resistant to the electron beam. Under comparable 
electron beam irradiation conditions, PVA samples without nanotubes could not be lattice 
imaged. WAXD and Raman spectroscopy show PVA and SWNT orientation. However 
the two orientation values were somewhat different. HR-TEM (Figure 2.7) provides 




Figure 2.7.  (a) High-resolution transmission electron micrographs of self-
assembled PVA/SWNT nano fibril (b) is a higher magnification image of the 
boxed region in (a).  (c) is a higher magnification image of the boxed region in (b).  
Nano fibril diameter is about 120 nm.  SWNT and PVA (200) lattice planes (d-
spacing ~0.385 nm) parallel to SWNT axis can clearly seen in (b) and (c). 
 
2.4. Conclusions 
In summary, we conclude that the presence of SWNT, results in significantly 
enhanced polymer crystallinity, and that SWNT act as a template for polymer orientation. 
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While there are a number of previous studies in the literature reporting enhanced 
crystallinity and crystallization rate [149] in polymers in the presence of carbon 
nanotubes and particularly single wall carbon nanotubes, here it is observed that SWNT 
templated polymer orientation occurs in solutions. SWNT templated polymer orientation 
has also been reported recently during melt processing [117]. Polymer orientation 
facilitated by the presence of fully exfoliated SWNT may have implications for polymer 








PE and PVA share a similar planar zig-zag chain structure.  However, from 
crystal lattice calculations the predicted modulus of PVA is higher than that for PE (~255 
and ~240 GPa respectively) because of inter- and intra-chain hydrogen bonding in PVA 
[150].  Hydrogen bonding has been a drawback in PVA fiber processing and results in 
limitations in the drawing process.  This reduces the chain orientation and the ultimate 
tensile properties [151, 152].  An in-depth study of PVA crystallization is therefore 
needed to understand chain-to-chain interactions during crystallization.  Atactic PVA 
single crystals were first observed in the 1960s [153-155].  PVA single crystals were 
grown in several solvent systems including triethylene glycol, ethylene glycol, and 1,3-
propanediol at elevated temperatures typically between 80 to 170 °C over a period of 1-3 
days.  These single crystals were parallelograms in shape due to directional growth along 
the (100) plane.  Electron diffraction of these single crystals show predominant 
reflections for both the (101) and (200) peaks.  Since 1960s, there has not been any 
significant body of literature focused on the single crystal growth of PVA [49, 146, 153-
157].   To the best of our knowledge, there have been no attempts to grow PVA crystals 
in solution below 80 °C.   Lowering the crystallization temperature can reduce thermal 
strain and dislocation density and therefore increase crystal perfection, and avoid 
polymorphic phase changes in the crystals [158].  In this chapter, we discuss PVA single 
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crystals grown at 25, 50, and 60 °C in H2O: dimethyl sulfoxide (DMSO) mixtures over 
different time scales.  These crystals exhibit several different morphologies and each 
distinct type of morphology is associated with differing amounts of crystal perfection and 
electron irradiation stability.   
 
3.2. Experimental 
3.2.1. Room Temperature (25 °C) Single Crystal Growth 
Atactic poly(vinyl alcohol) (PVA) (from Kuraray Co. Ltd., lot # 636837, degree 
of polymerization 18,000, and 98.4 % hydrolyzed) was dissolved in 80:20 volume ratio 
of dimethyl sulfoxide (DMSO) (from J.T Baker Cas. No. 67-68-5) and distilled water at 
temperatures between 110 °C to 120 °C (flask equipped with condenser) to obtain a 1 
wt% PVA solution (80 ml DMSO, 20 ml water, and 1.1 g of PVA).  The PVA solution 
was stirred with an overhead mechanical stirrer (Caframo high shear mixer, model# 
BDC1850) at shear speeds between 500 RPM to 800 RPM continuously for 72 h.  The 
solution was periodically sonicated for about ten minutes after every two hours while 
stirring.  Macroscopic fibers formed in each solution within two hours of stirring, and no 
change was observed after about six hours.  Continuous sonication results in dissolution 
of these fibers.  Characterization of the self-assembled macroscopic fibers has been 
reported separately [159].  For crystallization at room temperature (25 °C) the polymer 
solution was diluted with distilled H2O until the DMSO:H2O volume ratio was 2:98.  The 
polymer concentration for the solution used for room temperature crystallization was 0.02 
wt%. The diluted PVA solution was allowed to stand in sealed flasks for months at room 
temperature. The diluted solution was periodically (about once a month) observed in the 
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transmission electron microscope, by placing a droplet on a Lacey carbon coated 
transmission electron microscope (TEM) grid (Electron Microscopy Sciences, HC200-
Cu). Single crystals, were first observed after ~ 12 months of the initial dilution of the 
solution. 
 
3.2.2. Elevated Temperature Single Crystal Growth 
For PVA single crystal growth at elevated temperatures of 50 and 60 ºC a 0.4 
wt% PVA solution was obtained by dissolving PVA in 80:20 ratio of DMSO and distilled 
H2O at temperatures between 85 to 90 ºC.  Isothermal crystallization occurred as the 
solution was kept constant at 50 and 60 ºC respectively.  Precipitates were observed by 
eye after ten and seven days at 50 and 60 ºC respectively.  PVA single crystals were 
collected on Lacey carbon coated TEM grids and on clean glass slides for further 
analysis.  
 
3.2.3. Sample Characterization 
Scanning electron microscopy (SEM) was performed on a LEO 1530 thermally 
assisted field emission microscope (at 10 kV) on samples sputtered coated with gold, and 
non-coated samples were observed using a Zeiss SEM ULTRA60 (manufactured by Carl 
Zeiss Inc., Thornwood, NY, USA) (at 5 kV) (single crystals samples collected on the 
TEM grids as described above were also used for SEM observation). Transmission 
electron microscopy (TEM) was performed using both JEOL 100CX II and JEOL 100C 
(accelerating voltage 100 kV), and JEOL 4000EX (accelerating voltage 400 kV) electron 
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microscopes.  For electron diffraction, camera length was calibrated using evaporated 
aluminum standard (Electron Microscopy Sciences, Cat. # 80044).    
 
3.3. Results and Discussion† 
3.3.1. Room Temperature (25 °C) Single Crystal Growth 
Polyvinyl alcohol (PVA) single crystals formed at room temperature (25 °C) in 
diluted PVA solutions over a period of several months, and showed several distinct 
morphological features (Figure 3.1).  These PVA single crystals were slowly crystallized 
over long growth times (several months) at room temperature, rather than previously 
reported short time scales (1-3 days) at elevated temperatures (from 80 °C to 170 °C in 
solution) [154, 155].  These single crystals at low magnification in the electron 
microscope appear to be either thick agglomerations of well-formed PVA diamond-
shaped platelets (Figure 3.1a) or irregularly shaped thin particles (Figure 3.1b).  At higher 
magnification these irregular particles are shown to consist of many small diamond 
shaped platelets that have agglomerated into the larger irregular-shaped thin particles 
(Figure 3.1c).  
                                                 
 
 
† Definition for crystallographic symbols used throughout discussion: [ ]refers to Miller indices of a lattice 
direction, refers to all symmetrically equivalent Miller indices of a lattice direction, ( ) refers to Miller 
indices representing a crystal face/plane, and { }refers to all symmetrically equivalent Miller indices 




Figure 3.1. Scanning electron micrographs of PVA single crystals.  (a) stacked diamond 
single crystals, (b) irregular agglomeration of diamond platelet single crystals, and (c) 
higher magnifications of diamond platelets.  (d) Schematic of SEM image in (c). 
 
The lamellar thickness for the individual diamond platelets has been estimated 
from electron microscope observations to range from ~ 15 to 20 nm.   This thickness is 
consistent with the literature where it has been reported that PVA single crystal lamellar 
thickness ranges from 10 to 15 nm [49].  The geometry of the diamond platelets was 
examined, and from SEM, the obtuse and acute angles of the PVA diamond platelet 
crystals were measured to be 107° ± 3° and 71° ± 2° respectively (Figure 3.1d and Table 
3.1).  Based on the known monoclinic PVA unit cell parameters determined by Bunn 
[146] ( nma 781.0= , nmb 252.0= , nmc 551.0= , and  o7.91=β ), the obtuse and acute 
angles for (101) growth planes were calculated to be 107.3° and 69.3° respectively 
(Figure 3.2a).   This agreement between experiment and theory suggests that the diamond 
shape of the platelets is the result of (101) growth facets. Electron diffraction of the 
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diamond platelets shows (h0l) reflections (Figure 3.3a), consistent with the (101) growth 
facets.   
Table 3.1.  Theoretical and observed angles for PVA crystals grown at 25, 50, and 60 °C.  
Theoretical values were calculated using Bunn’s unit cell [146] for the given (hkl) planes. 
 
Theoretical Experimental Temperature 
(°C) 
Schematic 
(Crystal shape observed) Obtuse Acute Obtuse Acute 
25 
 
107.3° 69.3° 107 ± 3° 71 ± 2° 
 
126.3° 53.7° 124 ± 1° 58 ± 2° 
50 
 
107.3° 69.3° 114 ± 5° 63 ± 2° 
60 
 
)100()011( ∠ = 
122.9° 
 
)100()101( ∠ = 
126.3° 
 
)101()011( ∠ = 
107.3 
121 ± 2° 
 
 
124 ± 2° 
 
 






Figure 3.2. Schematic of (a) diamond-shaped PVA crystal showing crystal geometry and 
[101] growth front (G[101]), and (b) (101) plane symmetry in four adjacent PVA unit cells. 
 
 
Figure 3.3.  Electron diffraction of PVA single crystals showing (a) (h0l) reflection with 





Table 3.2. List of (h0l) d-spacing’s observed in 
electron diffraction pattern for PVA single 





spacingd  (nm) 
(experimental) 
(h0l) reflections observed 
(101) 0.449 0.451 
(202) 0.224 0.223 
(303) 0.151 0.146 
(404) 0.111 0.109 
(102) 0.257 0.254 
(204) 0.128 0.127 
(306) 0.085 0.084 
 
Further evidence for the (101) growth facets is found in the electron diffraction 
patterns taken from the PVA diamond platelet agglomerates which show only the 
presence of (h0l) reflections (Figure 3.3a).  By tilting the sample stage in the microscope 
slightly with respect to the electron beam an electron diffraction pattern with 2-D 
symmetry where (h0l) reflections can be observed (Figure 3.3b).  Table 3.2 lists the main 
reflections and spacing’s observed in the electron diffraction patterns as compared to 
their theoretical values calculated from Bunn’s monoclinic PVA unit cell.  Only 
reflections from planes parallel to the chain axis (h00, 00l, h0l) are expected when the 
molecular axes are normal to the crystal lamellar surface.  The existence of only (h0l) 
reflections in the diffraction pattern observed implies that the b-axis or chain axis of the 
PVA molecule is normal to the crystal lamellar surface.   The upper bound lamellae 
thickness (10 to 20 nm) is considerably shorter than the contour length of the PVA chains 
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(4536 nm)‡, suggesting folded chain conformation.  It has been shown that PVA 
molecules do have the flexibility to exist in the folded chain conformation [49].  
 In the literature, PVA single crystals are typically grown at temperatures between 
80 to 170 °C over a period of 1 - 3 days [154, 155], while the crystals in the present work 
were grown at room temperature over a period of several months.  Literature reported 
PVA single crystals grown at elevated temperatures exhibit low degree of perfection 
[153] and electron diffraction only show strong first order (101) and (200) reflections.  
Slow crystal growth is expected to result in an increase in crystal perfection.  Electron 
diffraction of these room temperature PVA single crystals shows strong diffraction spots 
up to the eight orders for (h0l) reflections.  Previous reports on well-formed polyethylene 
diamond-shaped single crystals show electron diffraction patterns which show up to 
seven orders for predominant (hk0) (i.e. (110) and (200)) reflections [160]. 
The electron diffraction pattern for these single crystals also show six 
symmetrical spots around the center spot (see arrow in Figure 3.3a).  Further analysis of 
the electron diffraction patterns for these slowly grown single crystals show the existence 
of extra spots in the electron diffraction patterns (Figure 3.3a).  The observance of extra 
spots otherwise known as secondary spots in an electron diffraction pattern is not 
uncommon [161].  This type of pattern has also been observed for polyethylene diamond-
shaped crystals [6, 162].   The existence of secondary spots has previously been 
                                                 
 
 
‡ The contour length is taken as the maximum end-to-end distance of the chain in the all-trans 
conformation.  The repeat unit length is 0.252 nm (calculated using the bond angle o5.109=−−∠ CCC  
and bond length nmCC 154.0=− ) and the degree of polymerization for the PVA molecule is 18,000, 
therefore the contour length, l  is 4,536 nm. 
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explained in terms of kinematic theory of diffraction for spots observed in polyethylene 
single crystals [163, 164].  Each secondary spot occurs at exactly double the d-spacing of 
a primary spot.  For example, in the diffraction pattern the measured d-spacing of the 
(101) refection is 0.454 nm, and the d-spacing of the secondary spot occurs at 0.908 nm 
(Figure 3.3).  A spacing of 0.908 nm is much larger than the longest axis for the PVA 
unit cell ( nma 781.0= ), therefore it is not expected to observe such large spacings.  
These large spacings are all observed with respect to the (h0l) reflections, and are 
consistent with large crystalline growth and perfection along the a- and c- axes (Figure 
3.3a).  The secondary spots observed arise from rotational differences between individual 
lamellar layers in the single crystal platelets.  This concept is described in the Figure 3.4. 
 
 
Figure 3.4.  Schematic describing the primary and secondary diffraction of the incident 
electron beam from a layered specimen in the electron microscope. 
   
Destruction of the polymer lattice within the polymer single crystal by electron 
beam damage and cross-linking is typically instantaneous during imaging in the electron 
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microscope.  These results in the presence of amorphous regions/structures within the 
single crystal which can be detected in the electron diffraction pattern by the presence of 
an amorphous halo superimposed on the diffraction spots from the crystal.    It has been 
estimated that bombardment of electrons on the single crystals will result in disruption of 
the crystal lattice, and these disruptions result in diffusion (azimuthal arching) of the 
crystal diffraction spots [36].  The greater the distortion in the lattice the more diffused 
the diffraction spots become.  For this reason, polymer single crystal samples used in 
electron microscopy are observed using different methods (e.g. the use of low excitation 
voltage < 80 kV) to reduce electron beam damage [11].   
In this work, PVA single crystals show strong electron irradiation resistance and 
maintain crystal structure and diffracting power beam strengths of 100 and 400 kV.  
Electron diffraction patterns of PVA single crystals show almost no change after 100 
seconds at 100 kV (Figure 3.5) and diffracting power is maintained. At beam strength of 
400 kV, crystal diffracting power lasts for up to 4 minutes (Figure 3.6).  Figure 3.7 shows 
a schematic for the two types of arrangements of single crystal platelets in the 
agglomerations.  The crystal in Figure 3.5 is of type I and after beam exposure the 
amorphous PVA was burned away (Figure 3.5b2) leaving behind a polka-dot pattern.  
The crystal agglomeration shown in Figure 3.6 was of type II, and there is not change to 
the crystal shape after beam exposure.  In addition, crystal lattice images can be taken 




Figure 3.5.  TEM micrographs and electron diffraction patterns taken at 100 kV for PVA 
single crystal grown at room temperature (25 °C) (a1, a2) with no electron beam irradiation 
damage, and (b1, b2) after being exposed to the electron beam for ~100 seconds showing 
very little electron beam damage. 
 
 
Figure 3.6. TEM micrographs and electron diffraction patterns taken at 400 kV for 
PVA single crystal grown at room temperature (25 °C) (a1, a2) with no electron beam 
irradiation damage, and (b1, b2) after being exposed to the electron beam for ~ 240 




Figure 3.7. Schematic of arrangement of PVA single crystals in agglomerates. 
 
Due to good radiation resistance at 400 kV, at magnifications of ×400,000 PVA 
lattice images were able to be obtained quite readily. By comparison, for radiation 
sensitive polymers, like isotactic-polystyrene [165] and polyethylene [166], special 
precautions must be taken to obtain high-resolution lattice images. These precautions 
include low-dose electron microscopy, low illumination, long exposure times, image 
filtering etc. Even then, images are typically very noisy.  For polymers exhibiting higher 
radiation resistance, such as poly(p-pheylene benzobisthiazole) [167, 168] and poly(p-
xylylene) [169, 170], lattice images can be obtained under normal operating conditions.  
We previously obtained clear PVA lattice image in the vicinity of single-wall carbon 
nanotubes [159].   To the best of our knowledge, Figure 3.8 represents the first example 
of clear PVA lattice image (from the neat polymer without carbon nanotube) obtained 
under normal electron microscopy conditions. It is noted that this Figure also shows 
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moiré fringes resulting from the mismatch between different lamellar layers.   Previous 
studies show moiré fringes observed for polyethylene crystals however diffraction power 
of these crystal are not stable for long periods of time therefore the patterns are taken 
using weaker beam strengths and at much lower magnification [163].  Consequently, fine 
details of the polymer structure cannot be observed.  Lattice imaging for more radiation 
resistant polymers like poly(p-phenylene benzobisoxazole) (PBO) [171] and poly(p-
phenylene benzobisthiazole) (PBZT) [167] have also been observed using the electron 
microscopy at 200 kV and ×500,000 magnification.  The moiré pattern observed here is 
also further evidence of the rotation between the lamellar layers which result in 
secondary electron diffraction spots.    
 
Figure 3.8.  TEM micrograph of PVA single crystal showing moiré fringes taken at 
beam strength of 400 kV and ×500,000 magnifications. 
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3.3.2. Elevated Temperature Single Crystal Growth 
By working with dilute solutions, individual polymer chains are less likely to 
become entangled with one another and more likely to participate in the formation of a 
crystal lattice.  The growth of single crystals in dilute solutions has been well established 
[11].  In this work the growth of PVA single crystals at 0.4 wt % concentration in 
DMSO/H2O mixtures has been very successful.  Isothermal crystallization of PVA in 
DMSO/H2O solutions yields several new morphologies.  At 50 °C diamond-shaped 
lamellar single crystals were formed, and at 60 °C hexagonal-shaped lamellar crystals 
were formed.  The lateral shaped/structure of the crystals at each given temperature is 
determined by the maximum growth rate of the crystallographic planes which are 
controlled by both lateral and fold surface energies.  Polymer diffusion in solution and 
crystallization kinetics will depend on factors such as crystallization temperature ( CT ), 
polymer concentration, polymer-solvent interaction, and polymer molecular weight.  In 
the current study at 50 and 60 °C, all other factors remains the same except CT .  With all 
other factors being equal, temperature at which crystallization occurs dictates crystal 
geometry. Thickening of crystals during growth in isothermal conditions can also occur, 
and this may happen by two major methods (1) spiral growth or (2) addition of lamellae 
from a screw-type dislocation. 
 
3.3.2.1. PVA Single Crystal Growth at 50 °C 
At 50 °C, diamond shape individual crystals as well as polygonal crystals are 
obtained.  Using both theoretical and experimental angular measurements (Table 3.1), it 
was determined that PVA crystals grown at 50 °C were primarily of two types C1 and C2.  
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For C1, obtuse and acute angles of 114 ± 5° and 63.4 ± 2° were observed respectively.  
These measurements are consistent with a diamond-shaped crystal bound by (101) 
growth facets (Figure 3.2).  C2 crystals had obtuse and acute angles of 124 ± 1°  and 58 ± 
2°  respectively consistent with a diamond-shaped platelets bounded by both (101) and 
(100) growth facets (Figure 3.9) (theoretical obtuse and acute angles between (100) and  
(101) growth facets were calculated to be 126.3° and 53.7°, respectively).  Polygonal 
crystals are shown in Figure 3.10. 
Figure 3.9. Scanning electron micrograph of PVA diamond-shaped single crystals grown 




Figure 3.10. (a), (b), and (c) scanning electron micrographs of PVA polygonal crystals 
grown at 50 °C and their corresponding schematics with growth facets indicated. 
 
The diamond shape crystals grown at 50 °C show rough growth edges (Figure 
3.11).  Secondary spots in the diffraction pattern are either very weak or not observed at 
all (Figure 3.11a2).  Radiation resistance of 50 °C crystals is substantially lower than that 
for the room temperature grown crystals. Diffracting power of these crystals can be 
readily destroyed at 100 kV (Figure 3.11) and images of these crystals could not be 
obtained at 400 kV.  At comparable electron beam illumination after ~100 seconds, the 
crystal grown at 50 °C shows significant damage (Figure 3.11), while the crystal and its 
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diffracting power at 25 °C shows almost no change (Figure 3.5).  Further evidence of 
radiation sensitivity of the 50 °C crystal is found when the electron beam in the SEM at 5 
kV is focused on the PVA single crystal for one minute, resulting in significant radiation 
damage (Figure 3.12).     
Diamond-shaped crystals grown at 50 °C are either bounded by (101) growth 
facets or both (101) and (100) growth facets (Figure 3.9). As mentioned earlier, literature 
reported PVA single crystals grown above 80 °C are parallelogram type. This work 
shows the first observation of diamond-shaped PVA single crystals.  Polygonal PVA 
crystals are also observed at 50 °C bounded by (101), (111), and (012) growth facets 
(Figure 3.10). These growth facets were determined using the angular measurements 
between the planes.  Polygonal crystals have been referred to as hedrites [11, 172].  
Twinning has also been observed in polymer lamellar single crystals, where two or more 
crystal grow from a single nucleus at different degrees of orientation [173, 174].  Lath-
like dendritic or star shaped twinned crystal structures have been observed for 
polyethylene and polyoxymethylene [160, 173].  In this work, we also observe PVA 
hedrites/polygons.  In addition, it was found that in some cases twinning in PVA 
polygonal crystals form unique morphologies (Figure 3.10). 
After growth time of approximately six months PVA rod crystals were observed 
(Figure 3.13), and exhibited twinning resulting in unique cross-shaped and star-like rod 
crystals.  Figures 3.13d and 3.13e show these crystals after being damaged by the 
electron beam revealing the stacked PVA lamella layers along the lengths of the rods.  
End-on vies of these PVA rod crystals (Figure 3.13) show evidence of (101) growth 
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facets based of the angular measurements of the diamond shape (obtuse ~ 110° and acute 
~70°).     
 
Figure 3.11.  TEM micrographs and electron diffraction patterns taken at 100 kV for 
diamond-shaped PVA single crystal grown at 50 °C (a1, a2) with no electron beam 
irradiation damage, and (b1, b2) after being exposed to the electron beam for ~100 
seconds showing significant electron beam damage, and (c1,c2) after ~10 minutes of 




Figure 3.12.  Scanning electron micrographs of PVA diamond-shaped crystal grown at 50 
°C taken at 5 kV with no metallic coating circled area shows (a) no beam damage after 
initial, and (b) significant damage after one minute exposure by focused beam. 
 
 
Figure 3.13.  Scanning electron micrographs of (a to c) PVA rod crystals grown at 50 °C 
over six months.  (d & e) shows rod crystals after electron beam damage (at 5 kV) 
revealing PVA lamellar layers stacked along the length of the rods.  (f) end-on view of 
rod crystals showing diamond shape. 
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3.3.2.2. PVA Single Crystal Growth at 60 °C 
 At 60 °C, mostly hexagonal crystals (also first time for PVA) were 
observed with predominantly (100) and (101) growth facets (Figure 3.14).  The crystal 
thickness was measured using SEM and ranged from ~20 to 150 nm.  After long crystal 
growth times (three weeks), the lateral dimensions of these crystals become rather large, 
in some cases exceeding 100 μm (Figure 3.14c).  In some cases the crystal shape changes 
and becomes more like a rounded quadrilateral for larger crystals (Figure 3.14f).  In rarer 
instances parallelogram-shaped crystals were also observed (Figure 3.15).  At broken 
points or tears in the crystals, and depending on the tear direction, either the chains are 
stretched for their folded state are observed (Figure 3.16).   
Electron diffraction of the 60 °C hexagonal-shaped crystals shows the presence of 
strong secondary spots. High irradiation resistance is observed for these 60 °C crystals, 
and this is similar to the behavior of the 25 °C crystals.  As compared to the crystals 
grown at 25 °C after ~100 sec of electron beam exposure in both cases almost no change 
in the electron diffraction pattern (Figures 3.5 and 3.17).  The diffracting power at 100 
kV does not change significantly even after 10 minutes (Figure 3.17) and very little 
amorphous halo or azimuthal arching is observed.  Consistent with the previous data 
beam illumination was maintained so that photograph exposure time ranged from 0.25 to 
0.5 sec.  Relatively thin and large crystals will bend when deposited on the lacey carbon 
film of the TEM grid.  As a result, bending contours arise when the specimen is not flat, 
and show up as dark lines in the bright-field image, or bright lines in the dark-field 
image.  These are observed for the hexagonal crystals (Figure 3.18).   
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Figure 3.14.  Scanning electron micrographs of hexagonal PVA single crystals grown at 
60 °C showing (a) and (b) different sizes of hexagonal crystals, (c) large hexagonal 
crystal with cracks and growth of other hexagonal crystals in different directions, (d ) and 
(e) magnified images of boxed regions in (c) showing lamellar thickness of hexagonal 
crystals (d) and crack regions where PVA lamellar pull-out is visible (e), (f) large 




Figure 3.15.  TEM micrograph of PVA parallelogram single crystal grown at 60 °C 
  
 
Figure 3.16.  Scanning electron micrographs of a hexagonal PVA single crystal grown at 
60 °C showing cross-hatched structure and crystal torn (a1, a2) perpendicular to the [100] 
growth front, and (b1, b2) parallel to the [101] growth front. 
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Figure 3.17.  TEM micrographs and electron diffraction patterns taken at 100 kV for 
hexagonal-shaped PVA single crystal grown at 60 °C (a1, a2) with no electron beam 
irradiation damage, (b1, b2) hexagonal-shaped PVA single crystal after being 
exposed to the electron beam for ~100 seconds showing little electron beam damage, 




Figure 3.18. TEM bright-field micrographs of single crystals grown at 60 °C showing (a) 
bending contours and (b) dark-field image using (101) refection. 
 
3.4. Conclusions 
In summary, this work leads to several key conclusions. (1) Crystal growth has 
been observed in PVA solutions at room temperature (25 °C), where PVA single crystals 
have diamond-shaped platelet morphologies where both geometric, and electron 
diffraction gives evidence of a {101} growth facets.  (2) PVA diamond platelets grown at 
room temperature agglomerate into thin films.  (3) PVA room temperature single crystals 
show a high degree of crystal perfection and up to eight orders of (h0l) reflections can be 
observed in the electron diffraction patterns.  (4) PVA room temperature single crystals 
show strong electron irradiation resistance at beam strengths of 100 kV and even at beam 
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strengths up to 400 kV, where diffracting power lasts for ~10 minutes and 4 minutes 
respectively. (5) PVA single crystals grown at 50 °C also show diamond-shape 
morphology with (101) or (100) and (101) growth facets, and exist as individual platelets, 
showing significant lamellar thickening.  (6) Based on electron diffraction evidence 
crystals at 50 °C appear to be less perfect than the ones at 25 °C.  (7) At 100 kV the 
diffracting power of 50 °C crystals begins to degrade significantly after one minute. (8) 
PVA polygonal crystals are also formed at 50 °C and display unique geometries bounded 
by (101), (111), and (012) growth planes. (9) PVA rod crystals showing twin morphology 
were observed after six months growth time at 50 °C.  (10) PVA single crystals grown at 
60 °C show hexagonal-shape morphology displaying predominant (100) and (101) 
growth facets.  (11) At 60 °C crystals remain thin and do not show evidence of significant 
lamellar thickening as compared to the 50 °C crystals even after long growth times. 
However, lateral dimensions reach over 100 μm in some directions and in some cases the 
shape of the crystal change to a rounded quadrilateral.  (12) 60 °C crystals similar to the 
25 °C crystals show a high degree of irradiation resistance and diffracting power at 100 
kV does not change even after ~10 minutes.  (13) Bright-field and dark-field images of 
PVA bending contours are observed in the large thin hexagonal-shaped PVA platelets. 
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CHAPTER 4 
SOLUTION GROWN SINGLE CRYSTALS OF POLY(VINYL 
ALCOHOL) IN POLY(VINYL ALCOHOL)/SINGLE WALL 
CARBON NANOTUBE DISPERSIONS  
 
4.1. Introduction 
 Heterogeneous crystallization of polymer has been studied for a long time.  
Nucleated crystal growth has been studied for several flexible polymer systems [175-177] 
including polypropylene [178], and polyethylene [100, 101].  The ability of a substrate to 
nucleate crystal growth in a polymer depends on its nucleating activity [175-177].  A 
wide range of studies on crystallization show that polymer crystal growth nucleates quite 
readily on carbon fibers [178, 179], carbon black, and pyrolitic graphite[180-182].   
 Well-aligned graphitic structures have been shown to be highly active nucleating 
substrates for long chain polymers [178].  It is no surprise then that carbon nanotubes 
(CNT) have also been shown to induce crystal growth in long chain polymers [87, 104].  
MWNT consist of concentric graphitic layers all aligned along the nanotube axis, while 
SWNT consist of one seamless tube of nearly perfect (depending on the processing 
conditions) graphite sheet elongated along the nanotube axis.  CNT have also been shown 
to nucleate crystallization in polyvinyl alcohol (PVA) in bulk films and fibers [81, 88, 96, 
103, 107-109, 159].  Until now single crystal growth of PVA in the presence of SWNT 
has not been reported.  The study of single crystal growth of PVA by single-wall carbon 






Atactic poly(vinyl alcohol) (PVA) (from Kuraray Co. Ltd., lot # 636837, degree 
of polymerization 18,000, and 98.4 % hydrolyzed) was dissolved in 80:20 volume ratio 
of dimethyl sulfoxide (DMSO) (from J.T Baker Cas. No. 67-68-5) and distilled water at 
temperatures between 110 to 120 °C (flask equipped with condenser) to obtain a 1 wt% 
PVA solution (80 ml DMSO, 20 ml water, and 1.1 g PVA).  SWNT (obtained from CNI, 
lot# P-0247) (10 mg/ml) dispersion was obtained in DMSO by sonicating (using a Fisher 
FS30 bath sonicator, frequency 43 kHz, power 150 W) for 12 h at 55 °C and 
subsequently added to the PVA solution to obtain PVA:SWNT weight ratio of 99:1. The 
solution was stirred with an overhead mechanical stirrer (Caframo high shear mixer, 
model# BDC1850) at shear speeds between 500 RPM to 800 RPM continuously for 72 h.  
The solution was periodically sonicated for about ten minutes after every two hours while 
stirring. Macroscopic fibers formed in each solution within two hours of stirring, and no 
change was observed after about six hours. Continuous sonication results in dissolution 
of these fibers. The PVA/SWNT dispersion was quite inhomogeneous, where in addition 
to macroscopic fibers, SWNT particles could also be observed.  Characterization of the 
self-assembled macroscopic fibers has been reported separately [159]. This 
inhomogeneous solution was further diluted to 50 times the original concentration with 
only distilled water at 25 °C.  The diluted PVA/SWNT dispersion was allowed to stand in 
sealed flasks for months at room temperature (25 °C). The diluted solution was 
periodically (about once a month) observed in the transmission electron microscope, by 
placing a droplet on a Lacey carbon coated transmission electron microscope (TEM) grid 
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(Electron Microscopy Sciences, HC200-Cu). Single crystals, were first observed after ~ 9 
months of the initial dilution of the solution. 
 
4.2.1. Sample Characterization 
 Scanning electron microscopy (SEM) was performed on a LEO 1530 thermally 
assisted field emission microscope (at 10 kV) on samples sputtered coated with gold 
(single crystals samples collected on the TEM grids as described above were also used 
for SEM observation). Transmission electron microscopy (TEM) was performed using 
both JEOL 100CX II electron microscope (accelerating voltage 100 kV), and JEOL 
4000EX electron microscope (accelerating voltage 400 kV).  For electron diffraction, 
camera length was calibrated using evaporated aluminum standard (Electron Microscopy 
Sciences, Cat. # 80044).  X-ray diffraction was performed using a Rigaku MicroMax-002 
Microfocus X-ray Generator (operating voltage at 45 kV, current at 0.66 mA) equipped 
with an R-Axis++ SAXS/WAXS 2-D detector.  Fourier transform infrared (FT-IR) 
spectra were obtained using a Perkin-Elmer AutoIMAGE Spectrum-One FT-IR 
spectrometer (Ser. # 50961). 
 
4.3. Results and Discussion 
 PVA/SWNT aloe plant structures observed in a diluted PVA/SWNT dispersion 
after keeping it at room temperature (25 °C) for over eleven months are shown in Figure 
4.1.  The plant root contains both PVA and SWNT, while the leaves are only PVA single 
crystals without any SWNT (Figure 4.1).  During growth, leaf crystals are attached to the 
root later as the crystals grow larger they (5 to 20 μm) will break away from the root, 
leaving a stump. TEM of the root/stump region for these crystals show the presence of 
individual and small bundles of SWNT ranging from 1 to 4 nm which are coated by PVA 
 72
(Figure 4.2). The PVA coating is well-crystallized and the PVA lattice can be observed 
by high-resolution transmission electron microscopy (HR-TEM) (Figure 4.3).  PVA leaf 
single crystals have a well-defined near triangular shape with curved edges (Figure 4.4a) 
and upper bound crystal thickness in the range of 100 to 200 nm (Figure 4.4b).  The 
crystal is thicker at the root and tapers off becoming thinner toward the crystal tip (30 to 
50 nm) (Figures 4.4b and 4.4c).  
 
Figure 4.1.  Scanning electron micrographs of PVA/SWNT aloe plant crystals. (a) and 




Figure 4.2.  TEM micrograph of individual and small SWNT bundles coated with PVA. 
 
 
Figure 4.3.  High-resolution TEM micrographs of (a) PVA coated SWNT showing PVA 
coating is crystalline and (b) higher magnification where PVA lattice is visible (lattice 





Figure 4.4.  Scanning electron micrographs of PVA/SWNT aloe plant crystals showing 
(a) leaf crystal with triangular shape and curved edges, (b) edge of leaf crystal near aloe 
plant root showing smooth and large lamellar thickness, and (c) leaf crystal showing 
lamellar thickness tapering off toward the tip. 
 
 HR-TEM evidence of PVA molecules wrapped around individual and small 
SWNT bundles (Figure 4.2 and 4.3) suggests that there is an epitaxial interaction 
between PVA and SWNT.  Figure 4.5a shows one epitaxial model for fully extended 
PVA chains with (010) plane direction parallel to graphite (1000) plane direction. This 
model can be extrapolated to arm-chair, zig-zag, and chiral SWNT (Figure 4.5b, 4.5c, 
and 4.5d).  Equation (4.1) is used to calculate the epitaxial disregistry (Δ ) between the 
two planes, and the resulting disregistery value of -2.35 %. This is well within the range 
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of epitaxial matching between polymer and substrate which typically has an upper bound 
limit of ~10 % [183, 184]. At the plant root, PVA molecules are templated onto the 
SWNT surface by epitaxial means to form the nucleus from which the single crystal 
grows. During crystallization, PVA molecules are continually added to this template to 
form leaf crystals, resulting in the formation of aloe plant structures. Epitaxial model 
suggests that PVA molecule will make an angle between 0° to 30° to the nanotube axis 
for the chiral tubes, 0° for the arm-chair tubes (Figure 4.5b), and 30° for the zig-zag tubes 
(Figure 4.5c).   
graphitegraphitePVA ddd /)(100 −=Δ       (4.1) 
Where, PVAd  (010) and graphited  (1000) are the d-spacing’s between two PVA 
( nmd PVA 252.0)010( = ) lattice planes and two graphite planes ( nmd graphite 246.0)1000( = ) 
respectively. 
 
Figure 4.5.  Molecular model of (a) possible [1000]//[010] epitaxial matching between 
PVA chain and graphite sheet, and arrangement of PVA chains with this epitaxial matching 
on (b) arm-chair SWNT, (c) zig-zag SWNT, and (d) chiral SWNT. 
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 The total thickness of the PVA leaf crystals (30 to 200 nm) grown from 
PVA/SWNT dispersions is significantly larger than typical crystal lamellar thickness 
observed (~10 nm) for solution grown single crystals from most polymers. As mentioned 
in Chapter 3 as well as in the literature solution grown PVA single crystals are usually 
between 10 nm to 20 nm in thickness [153, 154].  The edges of these PVA leaf crystals 
are smooth, and SEM observations show no evidence of crystal thickening either by step 
or spiral growth. Electron diffraction of entire leaf crystals gives rise to a 2-D diffraction 
pattern and HR-TEM show moiré fringes which provide evidence of layered crystallites.  
Based on this evidence, the crystals are made up of many identical lamellar layers of the 
same orientation.    
 Thickness at the base of the leaf crystal (near the root) is 100 to 200 nm, while at 
the tip it is 30 to 50 nm.  As mentioned above, epitaxial layering of PVA on SWNT 
occurs at the aloe plant root and forms a polymer-SWNT template which acts as the 
crystal nucleus. The cross-sectional areas of these templates are on the order of the 
critical nucleus size, and the lengths of these templates are several tens of nanometers.  
For this reason, multiple nucleation sites along the length of the template are available to 
the PVA molecules for crystals to grow.  Figure 4.6 shows a SEM image of several layers 
protruding from the root which converge together to form a leaf crystal.  Since each PVA 
crystal growth will match this template, each lamellar layer is formed at the template and 
continues to grow with respect to the other layers along the same direction.  
Consequently, the large crystal thickness observed in these PVA leaf single crystals is 
related to the length of the polymer-SWNT template protruding out of the root. As the 
PVA leaf single crystal continues to grow, and moves farther away from the template (at 
 77
the root) the PVA molecules tend to relax and adopt a more energetically favorable fold 
(geometrical shape of PVA leaf crystal shows evidence of small (101) growth sectors 
near the crystal tip).   
 
Figure 4.6.  Scanning electron micrograph of thin leaf crystals growing from the aloe 
plant root and converging to form leaf crystal with large lamellar thickness. 
 
 With the electron beam parallel to the leaf thickness, crystals grown from 
PVA/SWNT dispersions show strong reflections at 0.352 nm and weak PVA (101) 
reflections (Figure 4.7b). The electron diffraction pattern was also taken from the edge-on 
direction of a PVA leaf crystal (Figure 4.7d).  This pattern shows only two reflections at 
0.707 nm and 0.352 nm, revealing that PVA chains are packed closely in these single 
crystals.  The leaf dimensions suggest that growth along the one axis is about 3.5 times 
faster than along the other, indicating directional crystal growth.  X-ray diffraction on a 
powder containing these aloe plant structures show a distinctly different pattern than what 
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is expected for monoclinic PVA unit cell (Bunn [146]) suggesting the formation of a new 
crystal structure for PVA (Figure 4.8 and 4.9).   
 
Figure 4.7.  TEM bright-field image of PVA leaf single crystal (red circle represents 
selected area for electron diffraction), designated x,y,z axes shown.  (b) Electron 
diffraction of PVA leaf crystal from selected area shown in (a).  Electron diffraction 
shows predominant spots at 0.352 nm and 0.282 nm, and weak spots at 0.302 nm and 
(101) reflections.  (c) TEM bright-field image of edge-on view of leaf single crystal (red 
circle represents selected area for electron diffraction).  (d) Electron diffraction pattern 





Figure 4.8.  Wide-angle X-ray diffraction patterns of (a) PVA/SWNT film cast from 




Figure 4.9.  Wide-angle X-ray integrated scans of PVA/SWNT original solution 
cast film (red), PVA/SWNT aloe plants grown in original solution (green), and 
PVA/SWNT hexagonal rods (blue). 
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 Electron diffraction data of the aloe leaves show a predominant diffraction spot at 
0.352 nm, a less predominant spot at 0.282 nm, and a weak spot at 0.302 nm.  X-ray 
diffraction of a powder containing these aloe plants is consistent with the electron 
diffraction showing similar diffraction spacing’s.  However, contrary to electron 
diffraction the intensities of these peaks differ for X-ray diffraction where, 0.282 nm is 
the most predominant peak, 0.302 nm is the second most predominant and 0.352 nm 
show medium intensity.  Based on this information, it may be possible to postulate the 
crystal structure for a new PVA unit cell using the spacing’s correlated between both X-
ray and electron diffraction.  Previous to this work there have been several other 
proposed crystal structures for PVA and they are listed in Table 4.1. 
 
Table 4.1. List of different proposed crystal structures for PVA based on experimental 
results. 
 PVA Crystal Structure 
Year Group/ Author Tacticity Unit Cell Type Unit Cell Dimensions 














































† Predominantly PVA literature shows a crystal structure consistent with Bunn’s model. 
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 In this work, a new monoclinic crystal structure is proposed for these aloe plant 
crystals with unit cell dimensions nm071a .= , nm2520b .= , nm6130c .= , and 
o998.=β .  Figure 4.10a shows an X-ray pattern for a PVA crystalline film containing 
aloe plant crystals showing a composite diffraction pattern of both known PVA 
reflections from Bunn’s unit cell and the newly proposed PVA crystal structure.   
Ironically, these d-spacing’s observed from X-ray for the aloe plants can not only be 
indexed by this new monoclinic unit cell, they can also be indexed by a 2-D hexagonal 
unit cell with nma 212.10 = (Figure 4.10b).  This would be the same crystal structure 
used to index well-organized SWNT bundles with nmdt 0.1≅ .  Theoretical calculations 
are listed in Table 4.2.  The average nanotube diameter in the batch of SWNT (P-0247) 
used in this study is ~0.973 nm measured from Raman spectroscopy.  Table 4.3 lists the 
experimental and theoretical d-spacing’s and (hkl) indices for the aloe plants, and the 
proposed crystal structures.  X-ray results provide compelling evidence of the epitaxial 
interaction between SWNT and PVA.  Comparatively X-ray diffraction was also taken 
for films cast from the original undiluted PVA/SWNT dispersions.  The patterns show 
only PVA Bunn’s monoclinic unit cell reflections (Figure 4.9) suggesting that crystal 









Figure 4.10.  Wide-angle X-ray integrated scans of PVA/SWNT aloe plants and 
hexagonal rod crystals showing a composite diffraction pattern.  (a) Both d-spacing from 
Bunn’s [146] PVA crystal unit cell, and the new proposed unit cell can be indexed. (b) 
Calculated d-spacing for 2-D hexagonal unit cell (corresponding to SWNT) can also be 




Table 4.2.  List of theoretical (hkl) d-spacing’s observed in electron and X-
ray diffraction patterns for PVA/SWNT aloe plant single crystal grown at 
25 °C pertaining to 2-D hexagonal lattice for SWNT.  Experimental values 
are also listed. 




























 1.88 1.8575 







































Table 4.3.  List of (hkl) d-spacing’s observed in electron and X-ray diffraction 
patterns for PVA/SWNT aloe plant single crystal grown at 25 °C pertaining to both 
Bunn’s PVA crystal unit cell and the proposed new crystal unit cell.  Theoretical 
values are also listed. 
 PVA (Bunn’s Unit Cell) 
PVA' 
( Proposed New Unit Cell) 
























































(100) 0.781 0.775 (x) 1.06 1.07 (x) 
(001) 0.551 0.556 (x) 0.606 0.606 (x,e) 
(101) 0.453 0.452 (x,e)   
(101) 0.446 0.439 (x,e)   
(200) 0.391 0.397 (x)   
(300)   0.352 0.351 (x,e) 
(201) 0.323 0.322 (x,e)   
(002) 0.275 0.273 (x) 0.302 0.302 (x,e) 
(301) 0.236 0.235 (x)   
(20 2 )   0.282 0.282 (x,e) 
(202) 0.223 0.220 (x)   
(111) 0.219 0.217 (x)   
(310) 
(311) 
  0.199 0.199 (x,e) 
(400) 0.195 0.192 (x)   
(402)   0.185 0.185 (x,e) 
(600)   0.176 0.174 (x,e) 
(311) 0.171 0.170 (x)   
(203) 0.164 0.167 (x)   
x – represents reflection present in the X-ray diffraction pattern. 
e – represents reflections present  in the electron diffraction pattern. 
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 FT-IR experiments were performed on these aloe plant crystals to confirm that 
they were in fact PVA.  The FT-IR spectra were collected for these aloe plant crystals 
showing new X-ray behavior, a film cast from the original undiluted PVA/SWNT 
dispersions, and neat PVA films both showing X-ray patterns consistent with Bunn’s 
crystal unit cell.  All these FT-IR spectra are consistent (Figure 4.11) revealing that 
although crystallographically the material differs the chemical make-up is the same.  
 
 
Figure 4.11.  FT-IR spectra for PVA/SWNT original solution cast film (red), 1st batch 
of PVA/SWNT aloe plants (blue), and 2nd batch of PVA/SWNT aloe plants (green). 
  
X-ray diffraction of lamellar polymer single crystals is usually difficult to obtain 
since for most crystals grown in dilute solutions large enough sample sizes are difficult to 
obtain.  On average the crystal lamellar thickness is also of the order of ~10 nm, therefore 
the efficiency of X-ray scattering is not sufficient to produce meaningful patterns.  The 
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electron microscope is heavily relied upon to analyze chain arrangement in polymer 
single crystals.  In this work, PVA/SWNT aloe plant crystals can be obtained in sufficient 
quantities to obtain useful X-ray diffraction patterns.  From X-ray diffraction peaks, 
crystal sizes is calculated for these leaf crystals and are in the range of 20 nm to 37 nm 
(Table 4.4).  For drawn PVA and PVA/SWNT gel spun fibers crystal size determined by 
X-ray is on the order of 3 nm to 7 nm.    Based on the crystal size for the leaf crystals and 
the proposed unit cell the crystal size along the a- and c- axes are 26 nm and 37 nm 
respectively.  Such large crystal sizes are typically observed for inorganic materials 
which are typically comprised of short molecules.  For high-molecular weight polymers 
this level of crystal perfection is typically prevented by chain entanglements. 
 
Table 4.4.  Crystal size values determined from wide-angle X-ray diffraction for the 
PVA/SWNT aloe plant single crystals. 
PVA' 
(hkl)’ 
(Proposed unit cell)/SWNT( 
dhk)  
dspacing (nm) 
(measured by XRD) 
Crystal size (nm) 
(measured by XRD) 
(100)´/d10 1.06 26 
(001) ´/d11 0.606 37 
(300) ´/d30 0.352 24 
(002)´/d22 0.302 30 
(20 2 )´/d31 0.282 35 
(310/311)´/d42 0.199 30 
(402)´/d51 0.185 27 
 
PVA leaf crystals radiation resistance is related of the leaf thickness.  For thinner 
crystals (30 to 50 nm) the diffracting power at beam strengths of 100 kV lasts only ~100 
seconds (Figure 4.12).  Thicker crystals (>100 nm) can diffract up to 10 minutes at 100 
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kV.  If beam illumination is kept to a minimum the crystal lattice remains uninterrupted 
and sharp diffraction patterns can be obtained (Figure 4.13a).  Time elapsed diffraction 
patterns from the leaf crystals shows how electron beam damage begins in the crystal by 
distortion of the lamellar layers which results in azimuthal arching (Figure 4.13b), and 
later all of the lamellar layers are at random resulting in diffraction rings (Figure 4.13c).  
With continued beam exposure the crystal lattice will eventually be totally destroyed 
resulting in diminishment of the diffraction pattern.   At 200 kV and 400 kV the crystals 
can be imaged readily at low illuminations, and crystallite and lattice images can be 
obtained up to ×500,000 magnifications (Figure 4.14 and Figure 4.15).  Although 
electron beam damage does occur, the existence of many layers lengthens the total time 
for complete beam damage so that HR-TEM images can be obtained.  Figure 4.14 shows 




Figure 4.12.  TEM images and electron diffraction patterns taken at 100 kV for (a1, 
a2) PVA/SWNT aloe plant single crystal with no electron beam irradiation damage, 
and (b1, b2) PVA/SWNT aloe plant single crystal after being exposed to the electron 
beam for ~100 seconds showing major electron beam damage. 
 
 
Figure 4.13.  Electron diffraction patterns of (a) an undamaged leaf crystal, (b) a leaf 
crystal which sustained some damage and show azimuthal arching arising from the 
misalignment of lamellar layers, and (c) a severely damaged leaf crystal showing 
diffraction rings arising from total misalignment of lamellar layers. 
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Figure 4.14.  (a1, b1) TEM bright field images of leaf crystal before and after electron 
beam damage respectively.  (a2) TEM bright field images of PVA lattice and moiré 
fringes, and (a3) electron diffraction pattern of the area in (a2) where some electron beam 
damage has occurred.  (b2) TEM bright field images of PVA lattice with spacing (~ 0.35 




Figure 4.15.  High-resolution TEM bright-field image of PVA/SWNT leaf single crystal 
showing moiré fringes taken at beam strength of 400 kV and ×500,000 magnifications. 
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 After approximately 18 months, hexagon-shaped crystals were observed in this 
PVA/SWNT dispersion, and in some cases overgrowth of the aloe plant root structures 
were also hexagonal in shape (Figure 4.16).  This ~18 month old PVA/SWNT dispersion 
was treated at slightly elevated temperature (~ 70 °C) and in this case hexagonal rods 
were also observed (Figure 4.17).  Electron diffraction could not be obtained for these 
rods because their large size, therefore X-ray diffraction was performed on a powder 
containing hexagonal-rods and this pattern is almost identical to the X-ray pattern 
obtained for just aloe plant structures (Figure 4.9).  Even at higher temperatures this new 
PVA crystal structure continues to dominate.  
 
 
Figure 4.16.  TEM bright field image of PVA/SWNT aloe plants with hexagonal-




Figure 4.17.  Scanning electron micrographs of (a) a large amount of hexagonal rods, and 
(b, c, and d) higher magnifications of hexagonal rods. 
 
4.4. Conclusions 
(1) PVA/SWNT dispersions yield aloe plant structures, where the aloe leaves are 
PVA single crystals templated by SWNT.  (2) PVA molecules are aligned along SWNT 
surface by epitaxial means. (3) PVA leaf crystals are up to 200 nm thick near the root and 
taper off at the crystal tip, and related to the convergence of lamellar layers nucleated at 
the root.  The thickness of the PVA leaf crystal at its base is therefore dictated by the 
PVA-SWNT template length protruding out of its root.  (4) SWNT templating in single 
crystal growth lead to the formation of a new crystal structure for PVA and is evident in 
both X-ray and electron diffraction patterns.  (5) FT-IR confirms that although this crystal 
structure differs, chemically this material is identical to PVA that crystallizes in the form 
 92
of Bunn’s unit cell when not templated by SWNT.  (6) Electron irradiation resistance is 
not particularly high in these leaf crystals, yet the thick stacking of individual lamellar 
prolongs the life of the crystal in the presence of the electron beam. (7) Up to five orders 
of reflections can be observed in diffraction patterns taken under minimal illumination 
conditions in the electron microscope.  (8) PVA lattice images and moiré fringes can be 
obtained at beam strengths of 400 kV at ×500,000 magnifications. (9) After ~18 months 
of growth time hexagonal overgrowth on the aloe plants is observed, and at elevated 




POLY(VINYL ALCOHOL) AND POLY(VINYL 
ALCOHOL)/SINGLE-WALL CARBON NANOTUBE FIBERS 
GELATION AND COAGULATION STUDIES 
  
5.1. Introduction 
 Similar to polyethylene (PE), PVA chain structure is planar zigzag.  For this 
reason PVA is a candidate for high-strength fibers like polyethylene.  The melting 
temperature of PVA is in the range of 230 to 250 °C, while PE only has a melting 
temperature in the range of 130 to 150 °C.  It has been estimated that with perfect 
alignment of the polymer chains the lattice modulus of PVA could reach 250-300 GPa, 
where the lattice strains for PVA fibers under applied stress were measured by X-ray 
diffraction and used to calculate the elastic moduli of the crystalline regions of the 
polymer [150].   Therefore it has become desirable to obtain high-performance PVA 
fibers.   To date the highest modulus attained for PVA fibers is 115 GPa [190], where as-
spun fibers were obtained from Kurare Co. Ltd., and high modulus is attributed to a zone-
drawing technique used to achieved high extension of the PVA molecules in the fiber, 
and X-ray diffraction show that crystal size along the chain axis (020) is ~16 nm  [152, 
190].   High-strength and high-modulus PVA fibers have also been produced using wet 
spinning, dry-jet wet spinning, gel spinning, dry spinning, and melt spinning methods 
[152].  
 The gel-spinning technique was originally developed by Smith and Lemstra, 
whose work led to the development and production of extended chain polyethylene fibers 
[32-34].  For PVA fiber, full extension of the chain is prohibited by the steric hinderances 
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to chain slippage caused by the presence of the —OH groups as well as intra- and inter-
chain hydrogen bonding [151].  PVA is made by hydrolysis of polyvinyl acetate.  The 
melting temperature increases as the degree of hydrolysis increases.  The fully 
hydrolyzed PVA has a melting temperature in the range of 230 °C to 250 °C, while 
partially hydrolyzed PVA has a melting temperature in the range of 180 °C to 190 °C. 
Higher degree of hydrolysis leads to a higher degree of hydrogen bonding, resulting in 
higher melting temperature, lower draw ratio, and higher heat of fusion.   Drawing PVA 
fibers near the melting temperature helps to loosen the hydrogen bonds and increase the 
draw ratio [190, 191].  PVA fibers drawn repeatedly at temperatures near the melt 
temperature have shown an increase in modulus.  As mentioned above, PVA fibers had a 
modulus and strength of 115 and 3 GPa respectively [152, 190], however a zone-drawing 
technique which employed simultaneous vibration and heating of the fiber was used to 
minimize hydrogen bonding during fiber production to achieve such high properties.  
Typical modulus and strength of commercial PVA fibers ranges from 11 to 43 GPa and 
0.9 to 1.9 GPa respectively (See Table 5.1).  
 














Kuraray - Kuralon 25-41 0.88-1.6 6-10 — 
Kuraray – Kuralon K-II 11-43 1.3-1.9 6-12 3.1-3.4 
† Wet shrinkage data obtained by treating the yarn in water at 100 °C for 30 minutes. 
 
 The addition of CNT into the polymer matrix has been another effective way of 
improving the fiber mechanical properties.  CNT act as a reinforcement agent for the 
polymer, and it has also been shown to nucleate polymer crystallization and enhance 
orientation.  Work on the gel spinning of PVA, and PVA/SWNT fibers are discussed 
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here.  Studies on the optimization of the spinning parameters such as spin bath 
temperature, as well as coagulation/gelation time are presented and discussed.     
 
Objectives of this work: 
 Studies were performed on the gel spinning process for PVA and PVA/CNT 
fibers with the goal of improving mechanical properties of the fibers.  Figure 5.1 shows a 
schematic of the gel-spinning set-up.  The solution is pumped using a syringe pump 
through a needle at a controlled rate.  A small gap ranging from 2 to 5 mm is maintained 
between the needle tip and the solvent in the gelation bath. Gelation bath temperature is 
maintained so that the solution extruded for the needle tip becomes a gel fiber once it is 
immersed in the gelation bath.  The gelation bath is cooled using dry ice and temperature 
of the bath is maintained within ±1 °C for the duration of the spinning process.  The gel 
fibers are subsequently collected on a take-up roller.  The speed of this take-up roller is 
varied to ensure that the as-spun fiber is uniform, and to vary the duration of the as-spun 
fiber in the gelation bath.  The collected drawn/undrawn as-spun fibers are immediately 
immersed in a second coagulation bath maintained at low temperatures for variable time 
periods.    Previous work performed in this group on the PVA and PVA/SWNT (3 wt%)  
gel-spun fibers showed some improvement in the mechanical properties of the fiber with 
the addition of SWNT [88].   This work provided the basis to further explore PVA and 
PVA/CNT gel fiber spinning.  In the present study only 1 wt % SWNT, and MWNT were 
used.   
 For discussion proposes, this study is separated into four major parts. Part I 
(Section 3.1) describes the initial spinning of PVA, PVA/SWNT, and PVA/MWNT 
fibers, where the spinning conditions were maintained similar to those used for spinning 
the PVA and PVA/SWNT (3 wt%) fibers [88].  Although the details of this study will be 
discussed later, it was found that under the spinning conditions used, the PVA/MWNT 
fibers showed a decrease in properties as compared to the PVA fiber.  For this reason, 
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only PVA and PVA/SWNT fibers were used for the subsequent studies.  Part II (Section 
3.2) is a study of how the gelation bath temperature affects the drawability of the as-spun 
fibers, and what effect this drawing has on the mechanical properties of the final fiber.  
Part III (Section 3.3) describes how the length of time for the as-spun fibers in the 
coagulation bath affects the final fiber properties.  Finally, in Part IV (Section 3.4) effect 
of low gelation temperature and time final fiber properties has been studied. 
 
5.2. Experimental 
 Sample Preparation and Characterization: Atactic poly(vinyl alcohol) (PVA) 
(from Kuraray Co. Ltd. Tokyo, Japan; lot # 636837, DP: 18,000, and 98.4 % hydrolyzed) 
was dissolved in an 80:20 volume ratio of dimethyl sulfoxide (DMSO) (from Fisher 
Chemicals Cas. No. 67-68-5), and distilled water in a 400 ml Erlenmeyer flask equipped 
with a magnetic stir bar and heated to temperatures between 85 °C to 95 °C to obtain a 3 
wt% PVA solution (80 ml DMSO, 20 ml water, and 3.4 g PVA).  SWNT (obtained from 
CNI, Houston, TX, USA, lot# P-0247, metallic impurity ~2 wt%), dispersions were 
obtained in DMSO (0.4 mg of SWNT/ml of DMSO) by sonicating (using a Branson 3520 
bath sonicator manufactured by Branson Instruments, Danbury, CT, USA; frequency 42 
kHz, power 100 W) for 24 h at 33 °C.  The mixture was continuously stirred for 72 hours 
with an overhead mechanical stirrer (Caframo high shear mixer, model# BDC1850 
manufactured by Caframo Ltd., Wiarton, Ontario, Canada) at shear speeds between 600 
RPM to 700 RPM. 
 Gel spinning was performed using a syringe pump (Fisher Scientific Co.). The 
polymer solution was placed into a syringe (B-D glass syringe) and spun through a needle 
(Popper 18-gauge blunt tip pipeting needle).  The polymer solution was maintained at 
~60 °C during spinning.  The air gap between needle tip and spin bath was varied 
between 2 to 5 mm.  The solution was pumped at a linear speed of 2.5 m/min into a 
methanol spin bath maintained at temperatures ranging from -70 °C to 0 °C for PVA, and 
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PVA/SWNT fiber spinning.  This methanol spin-bath also acted as the first gelation bath. 
The take-up roller speed was varied to produce as-spun fibers with different draw ratios.  
These as-spun fibers were further coagulated in a second methanol bath for varying 
amounts of time and the bath was maintained at temperatures between -30 °C to -78 °C.  
Fibers were subsequently drawn in a three-stage process at temperatures of 100 °C, 160 
°C, and 200 °C respectively on a fiber drawing hot plate manufactured by Bradford 
University Research Ltd.  In some cases the fibers were also drawn for a fourth stage on a 
hot plate at 290 °C.  This temperature exceeds the melting temperature of PVA.  
Therefore to accomplish this, fibers were only in contact with the hot plate for ~ 300 ms 
(times exceeding 1 s resulted in the fiber melting/degrading and drawing was not 
possible).  All gel-spun fibers were taken through several heat-drawing stages before 
vacuum drying for one to three days at 60 °C for testing. 
 
5.2.1. Sample Characterization 
 Scanning electron microscopy (SEM) was done on LEO 1530 thermally assisted 
field emission microscope (at 10 kV) on samples sputtered coated with gold, and a Zeiss 
Ultra60 SEM at operating voltages of 1-5 kV on uncoated samples. Fibers broken in 
tensile tests were used for SEM observation. Transmission electron microscopy (TEM) 
studies were carried out on Hitachi HF-2000 Field Emission Gun electron microscope 
(accelerating voltage 200 kV) (manufactured by Hitachi High Technologies America 
Inc., Pleasanton, CA, USA).  TEM samples were prepared on Lacey carbon coated TEM 
grids (Electron Microscopy Sciences, Hatfield, PA, USA; Cat.# HC200-Cu). Raman 
spectroscopy was performed on a Holoprobe Raman microscope (manufactured by 
Kaiser Optical Systems Inc., Ann Arbor, MI, USA) at an excitation wavelength of 785 
nm and 1.5 MW beam power. Wide-angle X-ray scattering was done on the Rigaku 
Micro Max 002 X-ray generator operated at 45 kV and 0.66 mA and equipped with R-
axis VI++ detector. For X-ray studies of fibers, 10-20 filaments were mounted in a fiber 
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frame.  Crystallinity, crystal size, and orientation from wide-angle X-ray diffraction were 
determined using the software MDI Jade 6.1.  AreaMax software was used for 
background subtraction and integration. The area due to the crystalline and amorphous 
contribution of the polymer was determined by peak fitting analysis.  Thermal shrinkage 
measurements were performed on Thermal mechanical analyzer (TMA) (manufactured 
by TA Instruments, New Castle, DE, USA).  Tensile properties of these fibers were 
measured using a RSA III solids analyzer (manufactured by Rheometrics Scientific Co., 
Piscataway, NJ, USA) at a gauge length and crosshead speeds of 25 mm and 0.25 mm/s 
respectively. For tensile test measurements a circular diameter is assumed to calculate 
cross-sectional area.  Fiber diameter was calculated using a weight method, where the 
weight of a specific length of fiber was divided by the fiber density (determined 
experimentally from crystallinity measurements – PVA amorphous density (ρa) and 
crystalline density (ρc) are 1.269 and 1.345 g/cm3 respectively).  The volume is evaluated 
from the previous calculation, and a circular cross-section is assumed to determine the 
fiber diameter.  
 
5.3. Results and Discussion 
       Table 5.2 summarizes the processing parameters for various fibers.  It should be 
noted that a higher as-spun ratio is coupled with shorter duration in the gelation bath 
(Tgel) (Table 5.2 and Figure 5.2).  Figure 3 plots the relationship between the modulus of 
both PVA and PVA/SWNT fibers to the hot-stretch draw ratio.  Table 5.3 lists the 
mechanical property data for the fibers produced in each study.  Wide-angle X-ray 
diffraction (WAXD) analysis was performed on all the fibers in this work.  Crystallinity 
and orientation data are listed in Table 5.4, while crystal size data are listed in Table 5.5.  
Figure 5.4 shows the integrated intensity versus 2θ scans for both PVA and PVA/SWNT 
fibers.  Crystallinity values for the fibers were calculated by fitting both crystal and 
amorphous peaks (Figure 5.4).   
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 Figure 5.2.  Experimental and fitted data for all fiber showing 




Table 5.2. Summary of drawing procedure for both PVA and PVA/CNT gel-spun fibers.  




























A1 PVA/SWNT -10  16 2 1/-30 2.0 1.8 1.4 — 79.8 5.0 
B1 PVA -10  16 2 1/-30 2.0 1.6 1.2 — 57.1 3.8 Initial Study 
C1 PVA/ MWNT -25  28.8 1.1 1/-30 1.6 1.6 1.9 — 138.3 4.7 
A2 PVA/SWNT -12  36.4 1 1/-30 1.5 1.9 1.4 — 136.4 4.0 Draw Ratio 
Optimization B2 PVA -30  24.7 1.6 1/-30 1.8 1.8 1.4 — 85.5 4.5 
A31 PVA/SWNT -20  24.7 0.8 1/-30 2.0 1.5 1.4 — 101.4 4.1 
A32 PVA/SWNT -20  24.7 0.8 4/-30 1.7 1.1 1.3 — 60.5 2.5 
A33 PVA/SWNT -20  24.7 0.8 8/-30 1.7 1.1 1.2 — 57.0 2.3 
B31 PVA -25  12.1 1.3 1/-30 1.6 2.0 1.5 — 59.4 5.0 
B32 PVA -25 12.1 1.3 4/-30 1.6 2.3 1.3 — 54.8 4.7 
Coagulation 
Study 
B33 PVA -25 12.1 1.3 8/-30 1.6 2.0 1.2 — 47.5 3.9 
A4 PVA/SWNT -78  2.61 15 1/-78 3.2 1.8 1.4 1.8 42.2 14.1 Gelation 
Study B4 PVA -78 2.68 15 1/-78 2.0 2.1 1.2 1.8 24.8 9.1 
* gelt  refers to time as-spun fibers spend immersed in the gelation bath before collection on the take-up roller. 
♦ Methanol was used for both gelation- and coagulation-baths.  
‡ As-spun draw pertains to the amount fiber is stretched between extrusion into the gelation bath and collection on the take-up roller. 








Figure 5.3.  Experimental and fitted data for (a) PVA/SWNT and (b) PVA fibers showing the relationship between modulus and hot-























A1 11.5 60.1 ± 5.8 1.4 ± 0.1 4.9 ± 0.5 28.9 ± 6.1 
B1 13.1 44.6 ± 7.2 1.0 ± 0.1 5.3 ± 0.3 21.9 ± 3.5 Initial Study 
C1 9.5 35.4 ± 4.6 0.9 ± 0.1 4.5 ± 0.4 17.5 ± 3.5 
A2 10.8 34.0 ± 2.0 0.94 ± 0.1 5.7 ± 0.8 21.7 ± 2.4 Draw Ratio 
Optimization B2 13.1 31.5 ± 2.4 1.1 ± 0.1 5.4 ± 0.3 21.2 ± 2.2 
A31 14.5 26.6 ± 1.1 0.66 ± 0.03 5.4 ± 0.3 14.5 ± 1.4 
A32 18.8 21.9 ± 1.2 0.42 ± 0.07 8.6 ± 1.9 18.0 ± 6.1 
A33 22.6 20.7 ± 2.2 0.42 ± 0.04 10.1 ± 2.4 21.0 ± 7.8 
B31 14.4 35.9 ± 2.0 0.88 ± 0.14 4.1 ± 0.7 14.9 ± 4.5 
B32 17.3 22.0 ± 1.6 0.59 ± 0.03 5.2 ± 0.2 12.1 ± 1.1 
Coagulation 
Study 
B33 18.1 21.3 ± 1.2 0.51 ± 0.02 5.4 ± 0.2 11.6 ± 0.5 
A4 22.6 70.8 ± 5.4 2.6 ± 0.2 6.2 ± 0.7 58.4 ± 6.8 
Gelation Study 
B4 25.1 47.4 ± 3.2 1.6 ± 0.1 6.5 ± 1.4 40.1 ± 5.9 
† Effective fiber diameter was calculated using a weight method, where the weight of a specific length of fiber was divided by the fiber density (determined experimentally from 
crystallinity measurements – PVA amorphous density (ρa) and crystalline density (ρc) are 1.269 and 1.345 g/cm3 respectively).  The volume is evaluated from the previous calculation, 




Table 5.4. Orientation and crystallinity data for PVA, and PVA/CNT gel spun fibers 
Study Sample 200
2cos φ  1012cos φ  PVAaxisb ,
2cos −θ  PVAaxisbf ,−  SWNTf  
Crystallinity 
(%) 
A1 0.113 0.063 0.930 0.895 0.91 63 
B1 0.145 0.062 0.967 0.951 — 63 Initial Study 
C1 0.071 0.068 0.869 0.803 — 61 
A2 0.169 0.085 0.924 0.886 — 61 Draw Ratio 
Optimization B2 0.163 0.077 0.939 0.909 — 63 
A31 0.208 0.120 0.855 0.783 — 56 
A32 0.186 0.110 0.862 0.794 — 52 
A33 0.165 0.097 0.879 0.819 — 51 
B31 0.158 0.077 0.934 0.901 — 52 
B32 0.169 0.082 0.930 0.895 — 55 
Coagulation Study 
B33 0.181 0.101 0.887 0.829 — 55 
A4 0.172 0.072 0.965 0.948 0.84 58 
Gelation Study 







Table 5.5. Crystal size data for PVA, and PVA/CNT gel-spun fibers 
Samples 
Initial Study Optimization Study Coagulation Study Gelation Study 
 
(hkl) 
A1 B1 A2 B2 A31 A32 A33 B31 B32 B33 A4 B4 
(100) 6 7 5 6 5 7 8 6 6 6 4 5 
(101) 4 5 6 6 5 6 6 6 6 6 6 5 
(200) 4 5 6 7 5 8 7 5 6 6 4 6 
(010) 11 8 6 5 6 6 6 9 8 9 11 — 











Figure 5.4. Sample peak fitted integrated wide-angle X-ray intensity vs. 2θ scans shown for samples, A1, B1, A4, and B4.  This 
method was used to calculate fiber crystallinity by X-ray. 
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5.3.1. Initial Gel-Spinning of PVA, PVA/SWNT, and PVA/MWNT Fibers (Samples 
A1, B1, and C1)  
 The gelation and coagulation conditions of PVA, PVA/SWNT, and PVA/MWNT 
dispersions play an important role in the spinning process for PVA, PVA/SWNT, and 
PVA/MWNT fibers. PVA solutions must be cooled below the critical gelation point to 
form gel fibers.  In the literature, PVA solutions in DMSO/H2O mixtures have been spun 
into gelation baths maintained at temperatures between -20 °C to 20 °C.  At all 
temperatures a gel fiber could be obtained, however fibers with the highest mechanical 
properties were found for fibers spun at -20 °C [143].  For this reason it was desirable to 
spin PVA, PVA/SWNT, and PVA/MWNT fibers at low gelation temperatures.    In this 
work, it was found that the gelation of PVA/SWNT and PVA/MWNT fibers differed 
from neat PVA fibers.   Lower gelation temperature (below -25 °C) led to freezing of the 
PVA/SWNT fiber, while the PVA and PVA/MWNT fibers were still flexible and gel-
like.  Frozen fibers exhibit brittle behavior.  Figure 5.5 shows the PVA/SWNT fiber after 
immersion in a gelation bath at -40 °C (we begin to observe this freezing behavior below 
-25 °C).  Figure 5.4 shows photographs of PVA/SWNT and PVA/MWNT fibers during 
drawing in methanol at -30 °C.  Figure 6a shows that PVA/SWNT fibers do not draw 
easily and exhibit brittle failure, while PVA/MWNT fibers (Figure 5.6b) are flexible and 
can be drawn easily at this temperature.  PVA fibers behave similar to PVA/MWNT 
fibers but are not shown because for their transparency.  Figure 5.6 shows PVA fibers of 
different diameters, however this behavior is observed independent of fiber diameter.  
The gelation temperature for the fiber spinning process was controlled so that pliable gel 
fibers could be obtained.  For this reason, a range of gelation/coagulation temperatures 
were used to ensure all solutions/dispersions could be spun into gel fibers.   
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Figure 5.5.  Photographs of (a) PVA/SWNT gel fiber after immediately being immersed 
in   -40 °C methanol – the fiber is completely frozen.  (b) A magnified image of the 
boxed region in (a).  (c) A frozen cross section of PVA/SWNT material showing that the 
freezing is throughout. 
 
 
Figure 5.6.  Photographs of (a) PVA/SWNT fibers showing brittle-like behavior when 
drawn in methanol at -30 °C, and (b) PVA/MWNT fiber showing flexible behavior when 
drawn in methanol at -30 °C (PVA fibers behaved similar to PVA/MWNT but could not 
be photographed because fibers were transparent).  (b3) arrow points to flexible 
PVA/MWNT fiber after drawing. 
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 As-spun fibers were collected on a take-up roller at a speed of 40 m/min, 
therefore PVA and PVA/SWNT fibers were stretched and the as-spun draw ratio was 16.  
Figure 5.1 shows a schematic for the fiber spinning set-up.  The as-spun fibers were heat 
drawn at 100 °C, 160 °C, and 200 °C on a hot plate.  The total draw ratio for PVA, and 
PVA/SWNT fibers was 57, and 80 respectively.  Draw ratios obtained during each stage 
of the hot-stage drawing process was comparable for the two fibers (Table 5.2).   The 
mechanical properties for the fibers are listed in Table 5.3.  PVA/SWNT fibers show an 
increase of 35 % and 40 % in modulus and tensile strength as compared to the control 
PVA fibers.  Polarized G-band intensity data were also used to determine the orientation 
of the SWNT and X-ray azimuthal data to determine orientation of PVA molecules in the 
fibers, and these orientation values are listed in Table 5.4.  Crystal size values are listed 
in Table 5.5.  Overall the control PVA fiber had higher molecular orientation and 
crystallinity than the composite fibers.  Fitted X-ray profiles for samples A1 and B1 are 
shown in Figure 5.4.  Polarized Raman G-band intensity as a function of angle (Ψ) 
between fiber axis and the polarization direction is plotted in Figure 5.7, and Raman 
spectra as a function of fiber orientation is shown in Figure 5.8.  The oo 900 II  ratio for 
the PVA/SWNT fiber was 100 revealing high SWNT orientation. 
 
Figure 5.7.  Polarized Raman G-band intensity profile as a function of fiber orientation 
angle, Ψ for PVA/SWNT (A1) fiber. 
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Figure 5.8.  Polarized Raman spectra plotted as a function of fiber orientation angle, Ψ 
for PVA/SWNT fiber (A1). 
 
 The effective modulus contributions of the SWNT in the PVA composite fibers 
can be determined using the rule of mixture for uniaxial composites [192] in Equation 
5.1. 
mSWNTSWNTSWNTc EVEVE )1( −+=      (5.1) 
Where, cE , mE , and SWNTE  are Young’s modulus of the composite, matrix, and SWNT 
respectively and SWNTV  is the volume fraction of the SWNT.  This can be extended to 
determine the effective strength contribution (Equation 5.2). 
mSWNTSWNTSWNTc VV σσσ )1( −+=      (5.2) 
Since SWNT have defined length they are discontinuous throughout the matrix and also 
not perfectly aligned in the composite.  Therefore, both length and orientation factors 
Lη and oη  are incorporated in to the rule of mixture (Equation 5.3 and 5.4) to take 
account to for this [192, 193]. 
mSWNTSWNTSWNToLc EVEVE )1( −+= ηη     (5.3) 
mSWNTSWNTSWNToLc VV σσηησ )1( −+=     (5.4) 
 110
The SWNT orientation in the composite is measured using Raman spectroscopy. The 
calculate effective Young’s modulus and strength integrate the effective length factor 
( SWNTLeff EE η=  and SWNTLeff σησ = ).  Using equations 5.3 and 5.4 the average effective 
Young’s modulus and strength contributions of the SWNT are determined for the gel-
spun PVA/SWNT fibers and found to be 1.70 TPa and 44 GPa respectively.  
Theoretically the Young’s modulus of SWNT has been predicated to range from 1 to 5.5 
TPa [63, 194-197], while experimentally measured to be around 1 TPa [198, 199].  The 
exceptionally high effective Young’s modulus and strength calculated here for the SWNT 
in the PVA/SWNT fibers shows its ability to provided excellent reinforcement at low 
weight concentrations.  It also suggests good load transfer between the SWNT and PVA 
matrix. 
 Figures 5.4 and 5.9 show X-ray diffraction fitted integrated 2θ profiles and pattern 
for the fibers respectively.  The predominant (hkl) reflections present in all fibers 
produced in this gel-spinning process are identified in Figure 5.4.  Significant difference 
in crystal size (Table 5.5) for the PVA fiber as compared to the PVA/SWNT fiber is 
observed along the (001) and (002) planes, but is comparable along other crystallographic 
planes.  This would imply that from a morphological standpoint, most of the changes in 
the composite fiber mechanical properties as compared to the control fiber may be related 
to SWNT orientation as well as to the physical PVA-SWNT reinforcement interactions.  
The spinning parameters also affect the final fiber properties.  Therefore, further 
optimization studies of the spinning process are performed. 
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Figure 5.9.  Wide-angle X-ray diffraction patterns for (a) PVA (B1) and (b) 
PVA/SWNT (A1) fibers spun in initial study. 
 
5.3.2. Draw Ratio Optimization Study (Samples A2 and B2) 
 Methanol is typically used in PVA gel and dry-jet wet spinning as both a gelation 
and coagulation bath [88, 143, 191, 200-202].  PVA fiber drawing is limited by inter- and 
intra-chain hydrogen bonding.  Studies show that an increase of  draw ratio has been 
shown to improve tensile strength and modulus [190, 202].  The advantage of the gel-
spinning process is to produce gel fibers where the polymer molecules are inter-dispersed 
with solvent molecules and bonded together by physical crosslinks and microcrystalline 
regions.  High alignment of the polymer molecules is also possible since the chains can 
slide more easily with respect to each other due to the presence of solvent molecules.  In 
this section the effect of the gelation bath temperature is discussed for its effect on the 
drawability of the PVA and PVA/SWNT fibers.  As the PVA solution and PVA/SWNT 
dispersion is extruded into the methanol spin bath, gel fibers form and these fibers are 
drawn immediately. 
 As mentioned in the previous section, depending on the gelation bath temperature, 
the PVA and PVA/SWNT gel fiber formation differs.  Below -25 °C PVA/SWNT fibers 
freeze and are very difficult to handle as they become brittle.  As the temperature is 
increased (> -20 °C) the fiber is gel-like but becomes more pliable making fiber drawing 
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possible.  The schematic for this spinning set-up is shown in Figure 5.1.  The PVA 
solutions and PVA/SWNT dispersions are extruded into the methanol bath at 
temperatures ranging from -70 to 10 °C and take-up roller speed is varied to pull the fiber 
to the maximum extension rate without breaking the fiber.  This data is represented in 
Figure 5.10.  PVA fibers showing freezing behavior below temperature of -45 °C, while 
PVA/SWNT fiber freeze below -25 °C.  The frozen fibers show brittle failure and can 
only be drawn to low extensions (DR < 20).   
 The drawing of PVA fiber was performed over the temperatures ranging from -40 
to -10 °C.  PVA drawing goes through a maximum at ~ -28 °C (Figure 5.10).  Below this 
temperature the fiber consistently exhibits gel-like behavior, and above this temperature 
the gel-fiber becomes sticky suggesting that it is not completely gelled.  PVA/SWNT 
dispersions extruded into cooled methanol were found to freeze at temperatures where 
PVA fiber would be gel-like.  For this reason, the temperature ranges over which drawing 
experiments were conducted for PVA/SWNT is much higher than for PVA fibers.  For 
PVA/SWNT, spin bath temperatures ranged from -30 to 0 °C.  PVA/SWNT fiber 
continued to exhibit freezing behavior up to about -20 °C.  These partially frozen fibers 
could be drawn therefore data was obtained. PVA/SWNT drawing was maximized at ~ -7 
°C (Figure 5.9), and the fiber maintained its gel-like consistency as opposed to PVA 
fibers which were sticky at similar temperatures.  PVA/SWNT fiber could also be drawn 
to 2× the draw ratio of PVA fibers.   
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Figure 5.10.  Draw ratio optimization data showing the as-spun draw ratio for PVA (B2) 
(diamonds) and PVA/SWNT (A2) (circles) fibers as a function of gelation (spin bath) 
temperature. 
 
 To understand why PVA and PVA/SWNT fibers exhibit freezing behavior at 
different temperatures the solution composition is examined.  PVA solutions and 
PVA/SWNT dispersion in this work are made in 80:20 ratio of DMSO:H2O mixtures.  At 
this ratio DMSO:H2O mixture will exhibit liquid-like behavior down to ~ -40 °C [203].  
Separately, H2O freezes at 0 °C and DMSO at ~ 15 °C [203].  From this information the 
freezing behavior of the PVA fiber at -45 °C is understood.  PVA/SWNT exhibit freezing 
even up to -25 °C where DMSO:H2O mixture should be in the liquid state.  One possible 
explanation is that phase separation of the solvent occurs in the PVA/SWNT dispersions 
at low temperatures, where the solvent interaction with PVA and SWNT may differ 
leading to phase separation of either H2O and DMSO solvent within the spun fiber that 
ultimately freeze.  Further study is required to understand this behavior. 
 Both PVA and PVA/SWNT fiber with the highest as-spun draw ratios were 
subsequently heat drawn at 100 °C, 160 °C, and 200 °C on a hot plate to final draw ratios 
of 85 and 137 respectively (Table 5.2).  In both cases the draw ratio at each heat stage 
was comparable.  The fibers were subsequently dried in vacuum for mechanical and 
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wide-angle X-ray analysis.  Although the overall draw ratios of these fibers were much 
higher than the previous study, both the PVA mechanical and orientation properties of 
these fibers are lower (Table 5.3 and 5.4).  This was unexpected since previous studies on 
PVA fiber spinning have shown an increase in orientation and mechanical properties with 
overall draw ratio [202, 204].  However, for previous work [88, 143, 202, 204] there is 
very little to no elongation of the as-spun PVA fiber, and hot-drawing is used instead to 
maximize the draw ratio, therefore the increase in mechanical properties may be related 
to hot-drawing of the PVA fibers.  For the conditions used in this study the as-spun draw 
is maximized.   
 For a similar study on polyethylene where different elongation rates (1 m/min to 
500 m/min) (see Table 5.6) were used during the spinning process, a similar drop in 
orientation and mechanical properties with higher elongation is observed [205, 206]. It 
was found that flow instabilities result in fiber defects at high extension rates which 
would ultimately lower the mechanical properties.  Also, competition between the 
polymer chain relaxation (τ ) and elongational deformation (
⋅
iiε ) by the flow field, as 
well as time in the orientation flow field ( t ) would determine whether the polymer 
molecules would actually become oriented during extension [205, 207].  Two conditions 
1
.
>>tiiε  and 1>
⋅
τε ii  must be satisfied for orientation to occur.  For the PVA and 
PVA/SWNT fibers in this work the fibers appear uniform from SEM observations 
(Figure 5.11), therefore flow instabilities may not play a large factor in the decrease of 
mechanical properties.  In these fibers the decrease in orientation of the PVA molecules 
may be the main reason for the reduction in mechanical properties which may be related 
to the polymer deformations in the flow.  At high extension rates both PVA and 
PVA/SWNT fibers are subjected to the orientation flow field and gelation bath for less 
than one second therefore the polymer chain mechanics conditions 1
.
>>tiiε  and 1>
⋅
τε ii  
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may not be satisfied and orientation is lowered.  Based on the conditions for this study, 
although maximizing the as-spun draw ratio was effective for the overall increase in the 
draw ratio it has a negative effect on the overall mechanical properties of the fiber. 
 
Table 5.6.  Experimental data for polyethylene, PVA, and PVA/SWNT fibers showing a 
decrease in tensile properties with an increase in as-spun drawing of the fibers. 





1 1 7.2 
100 250 3.2 High molecular weight PE gel-fibers [205, 206]  100 500 0.3 
B2 2.5 62 0.94 PVA B4 2.5 6.5 1.6 




Figure 5.11.  Scanning electron micrograph of PVA/SWNT fibers drawn at maximum 
extension rate (as-spun draw ratio of 40) showing smooth surface. 
 
3.3. Coagulation Study (Samples A3 and B3) 
 Methanol is also used as a coagulation medium for PVA fiber spinning [88, 143, 
202].  In this section the PVA and PVA/SWNT fiber were studied as a function of 
coagulation time.  The coagulation period was varied from one to eight days and 
methanol bath was maintained at -30 °C.  During coagulation, solvent exchange is 
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expected to occur. Therefore methanol will exchange with DMSO and H2O over time.  
H2O and DMSO have a boiling point at100 °C and ~185 °C respectively.  TGA 
experiments were run in air up to 400 °C.  The residual weight loss was measured at 200 
°C to determine the amount of weight loss of solvent from the fiber.  These 
measurements gave some indication of the remaining amount of solvent in the fiber for 
each coagulation period.  TGA results show that with longer coagulation time the overall 
% weight of DMSO and H2O decreased (Figure 5.12 and 5.13).  The fibers were also 
drawn at 100 °C, 160 °C, and 200 °C on a hot plate.  The overall draw ratio decreased 
slightly as the coagulation time increased (Table 5.2).  PVA orientation in the 
PVA/SWNT fibers (A31, A32, and A33) was comparable, while in the PVA fiber (B31, 
B32, and B33) decreased with increasing coagulation time (Table 5.4).  However, 
crystallinity and crystal size remained about the same throughout all the fibers (Table 5.4 
and 5.5).  This suggests that the presence of DMSO and H2O in the fiber aids in chain 
slippage and reduces inter-chain hydrogen bonding resulting in higher draw ratio.  With 
subsequent removal of solvent the drawability is reduced.   This phenomenon was 
observed for both PVA and PVA/SWNT fibers.  The mechanical properties for both PVA 
and PVA/SWNT fibers also decreased with increasing coagulation time (Figure 5.14 and 
Table 5.3).  
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Figure 5.12.  TGA data for residual solvent weight in both PVA (B3) and PVA/SWNT 
(A3) as a function of coagulation time. 
 
 
Figure 5.13.  TGA curves for (a) PVA and (b) PVA/SWNT fibers showing increase in 
weight loss at 200 °C with increasing coagulation time.  Insets show magnification of 





Figure 5.14.  Tensile strength and modulus data for both PVA (B3) and PVA/SWNT 
(A3) fibers as a function of coagulation time. 
 
3.4. Gelation Study (Samples A4 and B4) 
In this last section, the gelation behavior of both PVA and PVA/SWNT fiber is 
studied for its effect on the final fiber properties.  As mentioned previously, the gelation 
behavior of PVA/SWNT fiber differs from PVA and exhibits freezing behavior at higher 
temperatures than PVA fibers.  For this study, the temperature for both the methanol 
spin/gelation bath and coagulation bath were chosen so that the freezing behavior of both 
the PVA and PVA/SWNT fibers would be similar.  Therefore, the entire spinning process 
for both fibers would remain consistent.  The PVA solution and PVA/SWNT dispersion 
were spun into a methanol bath maintained at -78 °C (freezing point of methanol is ~ -98 
°C) to form both PVA and PVA/SWNT frozen/gel fibers.  Mechanical properties have 
been shown to increase as the spin/gelation bath temperature is lowered [143, 201, 202].  
The lowest gelation temperature used in these previous studies is -30 °C.  In this study, at 
such low temperatures both sets of fiber were frozen and exhibited brittle fracture.  The 
fibers were collected on a take-up roller and the take-up roller speed was varied to 
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increase the duration time of the spun fibers in the gelation bath.  As-spun gel fibers were 
coagulated for one day in methanol maintained at -78 °C.  All fibers were drawn in a 
four-stage process at 100, 160, 200, and 290 °C respectively on a fiber drawing plate.  As 
mentioned earlier, for drawing at 290 °C, the fiber duration on the hot plate at this 
temperature was ~ 300 ms to prevent melting/degradation of the fiber.  Drawing 
conditions are summarized in Table 5.2.  
Both the tensile strength and modulus increased with increasing gelation time 
(Figures 5.15).  A similar increasing trend in tensile strength and modulus is observed 
with increasing hot-stretch draw ratio (Figure 5.16).  Mechanical data is summarized in 
Table 5.3.  The gelation time was varied from 0.5 to 25 seconds.  At gelation times > 15 s 
(low take-up speeds) the spinning process was unstable and as-spun fibers were not 
uniform under these conditions.  For PVA fibers the tensile strength and modulus 
properties were increased from 0.5 to 1.6 GPa and 30 to 47 GPa respectively.  For 
PVA/SWNT fibers the tensile strength and modulus properties were increased from 0.5 
to 2.6 GPa and 25 to 70 GPa respectively.   
Tan δ curves obtained from dynamic mechanical analysis show two transitions 
(Figure 5.17).  The transition at higher temperature corresponds to the Tg for PVA.  This 
transition is broadened for PVA/SWNT fibers as compared to the PVA fiber, and the Tg is 
increased from ~ 86 °C in the PVA fiber to ~93 °C in the PVA/SWNT fiber.  Table 5.7 
lists the best tensile strength, modulus, and toughness values for the PVA and 
PVA/SWNT fibers and compares these to the current commercial high-performance 
fibers.  Fracture energy of these fibers is substantially higher than those of the best 
commercial fibers.  In this section subsequent analysis is performed on samples with the 
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highest strength and modulus.  X-ray analysis was performed on the best PVA and 
PVA/SWNT fibers, and crystallinity and orientation data is summarized in Table 5.4.  
Crystal size data is shown in Table 5.5.  X-ray diffraction patterns and fitted intensity 
versus 2θ profiles are shown in Figures 5.18 and 5.4.   
 
Figure 5.15.  Plots for (a) tensile modulus of PVA (B4) and PVA/SWNT (A4) fibers, and 
(b) tensile strength of B4 and A4 fibers as a function of gelation time. 
 
 
Figure 5.16.  Plots for (a) tensile modulus of PVA (B4) and PVA/SWNT (A4) fibers, and 




Figure 5.17.  Tan δ versus temperature for PVA (B4) and PVA/SWNT (A4) fibers. 
Arrows indicate Tg transition. 
 
 
Table 5.7.  PVA and PVA/SWNT gel-spun fiber property data compared to current 
commercially produced high-performance fibers. 
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Figure 5.18.  Wide-angle X-ray diffraction patterns for best PVA (B4) and PVA/SWNT 
(A4) fibers spun in gelation study. 
 
 Polarized G-band intensity data were also used to determine the orientation of the 
SWNT in the composite fiber.  Polarized G-band data as a function of Ψ is shown in 
Figure 5.19.  The global (average) alignment of SWNT in the fiber was determined using 
a previously described method [208], where the G-band intensity is taken into account at 
various Ψ.  Herman’s orientation factor, ƒ of SWNT was 0.84.  This suggests that the 
total alignment of SWNT is not very high.  From polarized Raman spectra at various 
fiber orientation angles (Figure 5.20) the oo 900 II  ratio for the PVA/SWNT fiber was 
determined to be 106.    The effective Young’s modulus and strength was also determined 
for the best fibers in this study using equations 5.3 and 5.4 and found to be 2.79 TPa and 
110 GPa respectively. As mentioned earlier, these values suggest excellent reinforcement 
of the PVA by SWNT at low weight concentrations, and exceptional load transfer 
between the SWNT and PVA matrix. 
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Figure 5.19.  Polarized Raman G-band intensity profile as a function of fiber orientation 
angle, Ψ for PVA/SWNT (A4) fiber. 
 
 
Figure 5.20.  Polarized Raman spectra of G-band plotted as a function of fiber orientation 
angle, Ψ for PVA/SWNT (A4) fiber. 
 
Fibers were placed in DMSO at various temperatures to observe the solvent 
resistance of the PVA (B4) versus PVA/SWNT (A4) fibers.  Figure 5.21 shows the 
optical micrographs for the fibers treated in DMSO.  At room temperature (25 °C) there 
seems to be no significant difference between the two fibers.  However, at 60 °C the PVA 
fiber is completely fibrillated, while the PVA/SWNT fiber is mostly intact and shows 
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some regions of swelling.  High magnification of the swollen region shows that the fiber 
is fibrillated in theses regions.  At ~ 85 °C (also the dissolution temperature) the PVA 
fiber is completely dissolved and no fragments could be recovered.  The PVA/SWNT 
fibers are mostly swollen and fibrillated, however there are still some regions of the fiber 
still intact.  Figure 5.22 shows the PVA/SWNT partially swollen fiber in the wet state – 
the fiber still shows birefringence even in the swollen regions. 
 
 
Figure 5.21.  Optical micrographs of dried (a) PVA/SWNT (A4) and (b) PVA (B4) fibers 




Figure 5.22.  Polarized optical micrograph of a partially swollen PVA/SWNT Fiber (A4) 
treated in DMSO at 85 °C showing retained birefringence.  Inset shows the bright-field 
image. 
 
 Figure 5.23 shows SEM of PVA and PVA/SWNT fibers treated in DMSO at 60 
°C.  PVA/SWNT (Figure 5.23a) fibers are still somewhat intact despite the bubble 
regions due to swelling, while PVA fibers (Figure 5.23b) are fibrillated and the diameter 
is reduced due to dissolution of PVA.  Regions of the PVA fiber are also completely 
destroyed and show film-like character (Figure 5.23b2).   Figure 5.24 shows SWNT 
bundles covered by PVA as the fibers begins to fibrillate in the DMSO. 
 
Figure 5.23. Scanning electron micrographs of (a) PVA/SWNT (A4), and (b) PVA fiber 




Figure 5.24.   Scanning electron micrographs of PVA/SWNT fiber treated in DMSO at 85 
°C exposing the SWNT bundles covered by PVA.  (a1) shows swollen area of 
PVA/SWNT fibers and at high magnification (a2) shows that the SWNT bundles are 
entangled.  (b1) shows an area of fibrillation in the fibers and at high magnification (b2) 
SWNT are covered by PVA. 
 
Both wet and dry shrinkage data was obtained for the PVA and PVA/SWNT 
fibers (Figures 5.25 and 5.26).   For wet shrinkage tests the fibers were immersed in H2O 
and maintained at various temperatures for 30 minutes.  The fiber length was measured 
before and after immersion and percent shrinkage was calculated.  This test was repeated 
5 times for each fiber, and wet shrinkage data is given in Figure 5.25.  The average 
shrinkage values for PVA and PVA/SWNT fibers in boiling H2O are 46  and 14 % 
respectively.  PVA/SWNT fibers show a 70 % improvement in the shrinkage properties 
over PVA fibers.  Best values for PVA/SWNT fibers in boiling H2O show only a 5 % 
overall shrinkage.  The addition of SWNT in the PVA fiber significantly reduces the 
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movement of the PVA molecules and greatly improves the hydrolytic stability of the 
fiber. 
The mechanical properties of both PVA and PVA/SWNT fiber treated in H2O at 
100 °C was measured and compared to the original fiber properties (Tables 5.8 and 5.9).  
Fibers boiled in H2O were in one case restricted and in another unrestricted.  In the first 
case both restricted PVA and PVA/SWNT fibers showed a reduction in fiber diameter, 
tensile strength, modulus, and toughness properties (Table 5.8).   PVA fiber retained 68.7 
and 64.8 % of their tensile strength and modulus properties respectively, while 
PVA/SWNT fibers retained 69.2 and 71.9 % respectively.  In the second case for both 
unrestricted PVA and PVA/SWNT fibers show an increase in diameter but a reduction in 
tensile strength and modulus properties (Table 5.8).  PVA fibers showed a dramatic 
increase in elongation and toughness properties of 658.4 and 190.5 % respectively.  
However, PVA/SWNT fibers only displayed a 7.7 and 37.9 % increase in elongation and 
toughness properties.  Stress-strain curves for both original and boiled (unrestricted) PVA 
and PVA/SWNT fibers are shown in Figure 5.27.  Figure 5.28 shows the optical 
micrographs for the fibers treated in H2O. 
Thermo-mechanical measurements were also performed on these fibers to assess 
thermal shrinkage.  Fibers were heated at a rate of 5 °C/min to a maximum temperature 
of 200 °C at a stress of 1.6 MPa. The change in length was monitored for each fiber as a 
function of temperature (Figure 5.26). At 200 °C the thermal shrinkage for PVA, and 
PVA/SWNT fibers is 2.2 % and 1.8 % respectively.  This amounts to a reduction of 18 % 
in thermal shrinkage for PVA/SWNT fibers as compared to PVA.  Based on the TMA 
curves a transition can clearly be seen for both the PVA and PVA/SWNT fibers near the 
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Tg for PVA (~77 °C).  PVA/SWNT fibers show a broad transition, while PVA fiber 
shows a sharp transition.  The onset of thermal shrinkage near Tg in the fibers may 
initially occur in the amorphous regions since the chain have more freedom to move.  
This data suggests that even in the amorphous regions SWNT act as a barricade to PVA 
chain mobility.    
 
 
Figure 5.25.  Wet Shrinkage data for PVA and PVA/SWNT (99/1) fibers kept for 30 
minutes in water at various temperatures.   
 
 
Figure 5.26.  Dry Shrinkage for PVA and PVA/SWNT (99/1) fibers obtained by heating 
the samples in air to 200 °C at 5 °C/min in the TMA.   
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Table 5.8. Mechanical properties of PVA and PVA/SWNT fibers before and after boiling in water (data is given for both restricted and 
unrestricted fibers during boiling). 
PVA/SWNT PVA 
Sample 
Original Boiled – H2O (Restricted) 
Boiled – H2O 
(Free) Original 
Boiled – H2O 
(Restricted) 
Boiled – H2O 
(Free) 
Diameter (μm)† 22.6 19.9 25.5 25.1 21.3 36.3 
Tensile Strength (GPa) 2.6 ± 0.21 1.8 ± 0.2 0.9 ± 0.1 1.6 ± 0.13 1.1 ± 0.2 0.57 ± 0.1 
Modulus (GPa) 70.8 ± 5.4 50.9 ± 4.4 17.3 ± 10.36 47.4 ± 3.2 30.7 ± 8.02 15.5 ± 4.2 
Elongation (%) 6.2 ± 0.72 4.7 ± 0.4 6.68 ± 1.3 6.5 ± 1.4 6.6 ± 1.5 49.3 ± 11.1 
Toughness (J/g) 58.4 ± 6.8 31.8 ± 4.2 22.2 ± 2.8 40.1 ± 5.9 26.5 ± 6.0 156.5 ± 52.6 
† Effective fiber diameter was calculated using a weight method, where the weight of a specific length of fiber was divided by the fiber density (determined experimentally from crystallinity measurements 
– PVA amorphous density (ρa) and crystalline density (ρc) are 1.269 and 1.345 g/cm3 respectively).  The volume is evaluated from the previous calculation, and a circular cross-section is assumed to 
determine the fiber diameter. For tensile test measurements a circular diameter is also assumed to calculate cross-sectional area. 
 
Table 5.9.  Retention in fiber properties after boiling in water. 
PVA PVA/SWNT 
Properties Boiled – H2O 
(Restricted) 
Boiled – H2O 
(Free) 
Boiled – H2O 
(Restricted) 
Boiled – H2O 
(Free) 
Tensile Strength 68.7 % 35.6 % 69.2 % 34.6 % 
Modulus 64.8 % 32.7 71.9 % 24.4 % 
Elongation 1.5 % ↑ 658.4 % ↑ 24.1 % ↓ 7.7 % ↑ 






Figure 5.27. Stress-strain curves for (a) original and (b) boiled in water (unrestricted) 
PVA/SWNT (A4) and PVA (B4) fibers. 
 
 
Figure 5.28.  Optical micrographs of (a) PVA/SWNT (A4) and (b) PVA (B4) fibers 
treated in H2O at 100 °C for 30 minutes. 
 
Creep as well as stress relaxation test were also performed on both PVA and 
PVA/SWNT fibers.  During creep tests, the instantaneous elastic response after 
deformation is higher in the PVA/SWNT fiber than the PVA fiber (Figure 5.29a).  The 
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stress values chosen of these tests is within the elastic region of the stress-strain curve.  
Creep test were also performed on the fibers at the same stress (246 MPa) (Figure 5.29b), 
and the irreversible recovery is slightly lower for the PVA fibers.  SWNT may prevent 
the movement of PVA molecules during recovery.  Stress relaxation tests show that after 
deformation the stress in both PVA (strain 2 %) and PVA/SWNT (strain 1.68 %) fiber 
only decreases slightly then remains relatively constant (Figure 5.30a).  Low strain values 
are chosen no that relaxation tests occur in the linear viscoelastic region of the stress-
strain curve for each fiber (there is no permanent deformation in the fiber). This suggests 
that the polymer is not able to flow.  SWNT provide additional reinforcement in the fiber, 
therefore the PVA/SWNT fiber can maintain higher stress over the same time period.  
Figure 5.30b shows the stress relaxation at the same strain of 2 % and again the 
PVA/SWNT fiber is able to maintain higher stress over the same time period as 
compared to the PVA fiber. 
Figure 5.29. Creep behavior at 30 °C in air for both PVA/SWNT (A4) and PVA (B4) 
fibers showing (a) A4 and B4 fibers displaced at a stress of 400 and 246 MPa (15 % of 




Figure 5.30.  Stress Relaxation behavior for both PVA (B4) and PVA/SWNT (A4) (99/1) 
fibers at (a) 2 % and 1.68 % strain respectively and (b) the same strain of 2 %. 
 
SEM studies on the fibers show that the PVA and PVA/SWNT fibers are ribbon-
like (Figure 5.31 and 5.32).  Fibrils and kinks can be seen near the fractured surface as 
well as along the fiber length for PVA/SWNT fibers (Figure 5.32b).  For PVA fibers 
fibrillation and kinking behavior was not observed for fractured fibers.  Fractured PVA 
fibers do not show this fibrillation behavior.  In this gel-spinning process PVA and 
PVA/SWNT fibers have been drawn to high draw ratios. X-ray diffraction of the gel-spun 
fibers reveals very high PVA orientation in the PVA/SWNT fiber (Table 5.4).  Crystal 
size data is listed in Table 5.5.  PVA/SWNT fibers were fibrillated by boiling in DMSO 
to obtained thin sections of the fiber that could be imaged by HR-TEM.  HR-TEM 
observation of the PVA/SWNT fibers show the presence of exfoliated SWNT in the PVA 
fiber, and the PVA forms a thick coating on SWNT (Figure 5.33), and in some cases 
PVA coating is so thick although present SWNT cannot be readily imaged (Figure 5.34).  
HR-TEM also show that the PVA molecules in this thick coating are well-crystallized in 
the interfacial region of PVA and SWNT, and lattice fringes are clearly visible with 
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spacing around 0.39 nm (Figure 5.33 and 5.34).  The PVA lattice is found to exist along 
the length of the SWNT. 
Figure 5.31.  Scanning electron micrograph of PVA fiber (B4) (a) showing cut end and 
(b) showing fiber along length. 
 
 
Figure 5.32.  Scanning electron micrograph of (a) PVA/SWNT fiber showing fracture 
end, fibrillation, and kinks in the fibers, and (b) fibrillation further along the length of the 




Figure 5.33. High-resolution TEM images of (a) edge of fibrillated PVA/SWNT (99/1) 
gel-spun fiber showing the presence of SWNT (white arrows) in the PVA matrix, and (b) 
higher magnification of boxed region in (a) showing the PVA lattice along the SWNT 
surface (Inset shows magnified PVA lattice image dspacing ~ 0.39 nm). 
 
 
Figure 5.34. High-resolution TEM images of (a) edge of fibrillated PVA/SWNT (99/1) 
gel-spun fiber showing the presence of SWNT covered by PVA, (b) higher magnification 
of boxed region in (a) showing the PVA heavily coated on SWNT and SWNT is not 
visible, (c) higher magnification of (b) showing PVA lattice along the SWNT direction, 
and (d) magnified image of PVA lattice image dspacing ~ 0.39 nm.  It is presumed that the 





 By using gel-spinning, PVA, PVA/SWNT, and PVA/MWNT fibers were 
processed with high draw ratios.  As-spun draw ratio is affected by spin-bath temperature 
and gelation time.  PVA/SWNT had significantly higher draw ratio than control PVA 
fibers.  Modulus and tensile strength increase in PVA/SWNT fibers of 35 % and 40 % 
respectively even for low PVA orientation and crystallinity indicate that SWNT is an 
effective reinforcement agent for PVA.  Raman spectroscopy data show high SWNT 
alignment in the fiber where the oo 900 II ratio is as high as 100.     
 In the draw ratio optimization study, spin-bath/gelation temperature is found to 
significantly affect the drawability of the PVA and PVA/SWNT fibers.  PVA/SWNT 
fiber show freezing behavior at higher temperatures than expected and may be due to 
temperature dependent phase separation of the DMSO/H2O solvent mixture in the 
PVA/SWNT dispersion.  Maximum as-spun draw ratios of 36.4 at -7 °C and 24.7 at -28 
°C are achieved for the PVA and PVA/SWNT gel fibers.  After heat drawing, draw ratios 
of 85 and 136 are achieved for PVA and PVA/SWNT fibers respectively.  Mechanical 
properties of these fibers are lower than the fibers with lower draw ratio.  Low alignment 
of the polymer chain may be attributed to polymer chain mechanics, where polymer chain 
elongational deformation in the flow field is competing with chain relaxation time, and 
consequently chains do not orient even though high extension rates are applied.   
 The affect of coagulation time on the fiber properties and spinning process was 
also observed.  Under the conditions used in this study, long coagulation time for PVA 
and PVA/SWNT fiber resulted in reduced drawability.  Mechanical properties of these 
fibers also decrease with increasing coagulation time.  Residual weight of solvent in 
coagulated fibers was determined using TGA and found to decrease with increasing 
coagulation time. 
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 Gelation studies of PVA and PVA/SWNT fibers at -78 °C over different periods 
of time show an increase in the mechanical properties as gelation time is increased.  For 
PVA fibers the tensile strength and modulus increased from 0.5 to 1.6 GPa and from 30 
to 47 GPa respectively.  For PVA/SWNT fibers, the tensile strength and modulus 
increased from 0.5 to 2.6 GPa and from 25 to 70 GPa respectively.  Raman spectroscopy 
data show high SWNT alignment in the fiber where the oo 900 II ratio is 106.  DMA data 
shows an increase in the Tg for PVA/SWNT fibers as compared to PVA fibers from 86 
°C to 93 °C.  PVA fiber treated in DMSO at 60 °C is completely fibrillated, while 
PVA/SWNT fibers are mostly intact under these conditions.  At 85 °C the PVA fiber is 
completely dissolved in DMSO, whole PVA fiber was swollen but did not dissolve.  This 
data implies that the PVA/SWNT fiber is inhomogeneous and has higher solvent stability 
as compared to the PVA fiber.   
 Wet shrinkage data shows that SWNT significant by increases the hydrolytic 
stability of the PVA fiber, where shrinkage in water is reduced by ~ 70 %.  PVA and 
PVA/SWNT fibers were treated in H2O under both restricted and unrestricted conditions.  
The mechanical properties of the treated fibers reduced as compared to the original fibers 
and this reduction is higher for the unrestricted fiber.  For the H2O treated unrestricted 
PVA fibers, the toughness increased from 40.1 for untreated fiber to 156.5 J/g for the 
H2O treated fiber.  Optical micrographs of PVA and PVA/SWNT fibers treated in water 
at 100 °C for 30 minutes show that the PVA fiber is swollen and fibrillated, while the 
PVA/SWNT fiber is mostly intact and is swollen in some regions.  SEM of the PVA and 
PVA/SWNT fibers provide evidence that the fibers are ribbon-like, and PVA/SWNT 
fibers fibrillate and kinked when fractured during tensile tests.  HR-TEM studies show 
that PVA coats SWNT in the composites and the PVA (200) lattice can be imaged in HR-





CONCLUSIONS AND RECOMMENDATIONS 
  
6.1. Conclusions 
The key conclusions of this work are: 
6.1.1. Chapter 2 
• High molecular weight PVA is not able to sustain orientation without shearing of 
the solutions.  Self-assembled fibers in these solutions are isotropic and semi-
crystalline crystallinity is ~48%.   
• In the presence of SWNT, PVA molecules subjected to shear will align along the 
surface of the SWNT.  Once shearing is discontinued the alignment of the PVA 
chains is not lost and remains templated by the SWNT.  The aligned PVA 
molecules on the SWNT surface in-turn template subsequent PVA molecules to 
form crystalline fibrillar structures.   
• These fibrillar structures align with one another to form macroscopic fibers which 
are ribbon-like.  The aligned fibrils form various regular patterns.  These fibrillar 
structures are observed in both PVA and PVA/SWNT fibers. 
• Crystallization in PVA/SWNT fibers is ~ 84 % based on X-ray diffraction.  X-ray 
diffraction also shows evidence for changes in the packing of PVA chain within 
the crystal structure.  The (200) peak is most predominant as opposed to the (101) 
peaks which is expected. 
• HR-TEM studies of these fibrils show that fibrils are highly crystalline and stable 
to the electron beam.  Lattice images for PVA in the PVA/SWNT fibril samples 
can be readily attained and PVA molecules are aligned parallel to the SWNT 
surface. 
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6.1.2. Chapter 3 
 PVA single crystals can be grown at various growth temperatures and display a 
range of morphologies, crystal perfection, and irradiation stability.  In all crystals grown 
in this work the crystal structure is consistent with Bunn’s unit cell for PVA [146]. 
• At 25 °C PVA growth times range from 9 to 14 months.  The individual crystals 
are diamond-shaped but agglomerate into thin films made of many crystals.  
Electron diffraction show only (h0l) reflection when the beam is perpendicular to 
crystal surface reveal that PVA chains are parallel to the crystal lamellar and in 
the fold conformation.  Single crystals show a high degree of crystal perfection 
and up to eight orders of (h0l) reflections can be observed in the electron 
diffraction patterns.  Extra spacing’s present in the diffraction pattern correspond 
to further evidence of high degree of PVA crystal perfection.  Single crystals 
show strong electron irradiation resistance at beam strengths of 100 kV and even 
at beam strengths up to 400 kV, where diffracting power lasts for ~10 minutes 
and 4 minutes respectively.  
• At 50 °C PVA single crystal precipitate from dilute solutions in ~ 13 days, and the 
crystals are individual diamond-shaped platelets with a significant amount of 
crystal lamellar thickening.  At longer growth times (weeks) PVA polygonal 
single crystals grow at 50 °C.  Crystal perfection of 50 °C crystals is lower than 
25 °C crystals and only 3 orders of (h0l) reflections are observed.  Extra spots are 
either very weak or non-existent.  At 100 kV the diffracting power of 50 °C 
crystals degrades after 100 seconds and is completely gone after ~10 minutes.  
After six months of growth time PVA rod crystals were formed which exhibited 
twinning. 
• At 60 °C show hexagonal-shape morphology displaying predominant [100] and 
[101] growth facets.  At 60 °C crystals remain thin and do not show evidence of 
significant lamellar thickening as compared to the 50 °C crystals even after long 
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growth times. However, lateral dimensions reach over 100 μm is some directions 
and the shape of the crystal change to a rounded quadrilateral.  Electron 
diffraction of 60 °C crystals is similar to the 25 °C crystals show a high degree of 
crystal perfection and irradiation resistance.  Diffracting power at 100 kV does 
not change even after 20 minutes and could be imaged readily at beam strengths 
of 400 kV.   
6.1.3. Chapter 4 
• PVA single crystals are grown in PVA/SWNT solutions at 25 °C over long 
growth times of several months.  To yield aloe plant structures, where the aloe 
leaves are PVA single crystals templated by SWNT. PVA molecules are aligned 
along SWNT surface by epitaxial means.  
• PVA leaf crystals are up to 200 nm thick near the root and taper off at the crystal 
tip, and related to the convergence of lamellar layers nucleated at the root.  The 
thickness of the PVA leaf crystal at its base is therefore dictated by the PVA-
SWNT template length protruding out of its root.   
• A new crystal structure for PVA is formed and confirmed by both X-ray and 
electron diffraction patterns, and FT-IR confirms that although this crystal 
structure differs, chemically this material is identical to PVA that crystallizes in 
the form of Bunn’s unit cell when not templated by SWNT.   
• The thick stacking of individual lamellar prolongs the life of the crystal in the 
presence of the electron beam. Up to five orders of reflections can be observed in 
diffraction patterns taken under minimal illumination conditions in the electron 
microscope.  PVA lattice images and moiré fringes can be obtained at beam 
strengths of 400 kV at ×500,000 magnifications. 
 140
• Hexagonal crystal structures of PVA form at long growth times and at elevated 
temperatures. 
 
6.1.4. Chapter 5 
• PVA and PVA/SWNT fibers were made by gel-spinning exhibit high draw ratio.  
Fiber as-spun draw ratio is mostly affected by spin-bath temperature.  
PVA/SWNT had significantly higher draw ratio than control PVA fibers.  The 
overall PVA orientation was lower then control PVA fibers.  SWNT needle-like 
morphology may play a role in better fiber drawability.  Modulus and tensile 
strength increase in PVA/SWNT fibers of 35 % and 40 % respectively even for 
lower PVA orientation and crystallinity indicate that SWNT is an effective 
reinforcement agent for PVA.  
• Draw ratio optimization studies found spin-bath temperature significantly affects 
the drawability of the PVA and PVA/SWNT fiber.  PVA/SWNT fiber show 
freezing behavior at -25 °C, while PVA fibers freeze at -45 °C this may be due to 
temperature dependent phase separation in the PVA/SWNT dispersion.  High 
draw ratios of 85 and 136 are achieved for PVA and PVA/SWNT fibers 
respectively.  Mechanical properties and PVA orientation of these fibers are lower 
than the fibers with lower draw ratio.  Low alignment of the polymer chain may 
be attributed to polymer chain mechanics, where polymer chain elongational 
deformation in the flow field is competing with chain relaxation time.  The 
conditions 1
.
>>tiiε  and 1>
⋅
τε ii  for chain orientation is not satisfied, 
consequently chains do not orient even though high extension rates are applied.   
• Long coagulation time for PVA and PVA/SWNT fiber resulted in reduced 
drawability and subsequently the orientation and mechanical properties.   
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• Gelation studies of PVA and PVA/SWNT fibers at -78 °C over different periods 
of time show an increase in the mechanical properties as gelation time is 
increased.  For PVA fibers the tensile strength and modulus increased from 0.5 to 
1.6 GPa and from 30 to 47 GPa respectively.  For PVA/SWNT fibers the tensile 
strength and modulus increased from 0.5 to 2.6 GPa and from 25 to 70 GPa 
respectively. Wet shrinkage data shows that SWNT significant by increases the 
hydrolytic stability of the PVA fiber, where shrinkage in water is reduced by ~ 70 
%.  For the H2O treated unrestricted PVA fibers, the toughness increased from 
40.1 for untreated fiber to 156.5 J/g for the H2O treated fiber.    
 
6.2. Recommendations 
 This study has yielded many valuable discoveries and contributions to the field of 
polymer crystallization and in particular the crystallization of polymers in the presence of 
SWNT.  The needle-like morphology and nanoscopic dimensions of SWNT is a 
nucleating material unlike any previously available in the field of crystallization.  This 
opens a new arena for the study of polymer crystallization.  This work simply scratches 
the surface of possibilities that can be done in this area.  Future recommendations to 
further the work performed in this dissertation are listed below. 
• The mechanism for the formation of fibrillar crystal nuclei in PVA/SWNT 
fibrillar crystal is not clear and needs further investigation. 
• Electron beam irradiation resistance and its relation the chain arrangement of 
PVA in single crystals with differing morphology still remain unsolved. 
• Further work is needed to clearly determine the new crystal structure templated by 
SWNT in PVA/SWNT single crystal.  Also, detailed nucleation studies on SWNT 
templated crystal growth requires further study. 
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• The mechanism for the formation of large and well organized crystalline PVA 
domains in the gel at low temperature is not clear.  Therefore more studies are 
need to investigate this phenomena and may be extended to other gel forming 
polymer systems. 
• Physical interfacial interaction between the polymer and SWNT is only one form.  
Therefore, interfacial morphological studies may be extended to other 
polymer/CNT systems involving different types of nanotubes, as well as chemical 




HIGH-RESOLUTION TRANSMISSION ELECTRON MICROSCOPY 
AND ELECTRON RADIATION RESISTANCE STUDIES OF 
POLYMER/SINGLE-WALL CARBON NANOTUBE COMPOSITES   
  
A.1. Introduction 
 For composite materials good interfacial interaction is necessary to achieve load 
transfer between the polymer and filler material.  Many efforts have been made to modify 
the interfacial interaction between CNT and its surrounding polymer matrix.  Chemical 
modification of the CNT surface to introduce functional groups has been performed to 
either create chemical bonding between the polymer matrix and CNT; or to create 
physical crosslink’s between the functional groups and the polymer chains thereby 
increasing interfacial interaction.  Improving load transfer between the filler and matrix 
has been shown to lead to improvements in the mechanical properties of the composite. 
For this reason, studying the interface and interphase in the composite can provide 
information about how well the matrix and fillers interact.  
 For polymer-nanocomposites one of the best ways to study interfacial 
morphology is by electron microscopy.  Electron microscopy of polymeric materials has 
always been a challenging problem since these materials are highly radiation sensitive.  
Microscopists must use specific sample preparation techniques, and careful experimental 
measures to obtain good images and diffraction patterns in the electron microscope.  
Some polymer systems show higher resistance to electron irradiation, and some studies 
have correlated the thermal stability of the polymer with its critical electron beam dose 
[209, 210].  These studies show that a polymer with a low melting or degradation 
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temperature will consequently have low critical dose meaning that the electron 
microscope conditions must be carefully controlled to obtain meaningful information.  
Many of the typical polymers used in fiber production and specifically in this study fall 
into this low melting temperature range.  To minimize this problem either conductive 
coatings are applied to the polymer, or the polymer morphology is etched onto a 
conductive material.  However, these methods reduce the ability to obtain detailed HR-
TEM images.  The addition of SWNT to the polymer matrix may provide a new route for 
electron microscopy imaging of polymers.  The physical interaction between different 
polymers and SWNT at the interface and polymer irradiation in the presence of SWNT 
are studied using HR-TEM is summarized here.  
 
A.2. Experimental 
A.2.1. Sample Preparation 
 Polymer/CNT films samples were first disintegrated in their respective solvents 
into large pieces.  These film pieces are continuous cycled in fresh solvent in order to 
further disintegrate the film into thin sections.  These thin sections are collected using a 
loop (Electron Microscopy Sciences, cat. # 70944) and placed on the TEM grids.  The 
grids were dried in air before observation in the microscope.  Polymer/CNT fibers are 
disintegrated into fibrils by boiling fibers in their respective solvents.  Fibers were boiled 
for 1 to 12 hours depending on how long the fibers took to completely disintegrate.  
These thin fibers are collected using a loop and placed onto holey carbon coated TEM 
grids which are subsequently dried for analysis.  Polymer/CNT dispersions were diluted 
to between 50 and 100 times the original concentration.  Several droplets (3-5) of the 





A.2.2. Sample Characterization   
 Transmission electron microscopy (TEM) experiments were performed using a 
Hitachi HF-2000 Field Emission Gun transmission electron microscope operated at 200 
kV.  TEM samples were prepared on 300-mesh holey carbon coated copper grids 
manufactured by Electron Microscopy Sciences, Hatfield, PA, USA (cat. # HC300-Cu).  
Polymer/CNT films, fibers, and dispersions were all observed by high-resolution TEM 
(HR-TEM).  To minimize polymer irradiation in the electron microscope, the electron 
beam illumination was kept very low (the sample was just visible) while stigmation, 
aperture alignment, and focus adjustments were made.  Beam illumination was increased 
only to capture images of the specimen.  Photographs were taken by digital camera and 
exposure time was only one to two seconds.  Once the beam illumination was increased 
the sample features (lattice) were lost to the beam irradiation instantaneously for neat 
polymer samples, and after approximately 1-4 minutes for polymer/CNT composites.   
 
A.3. Results and Discussion 
 For the polymer/SWNT composites studied here the SWNT are not 
functionalized.  Although the throughout the growth and purification process there may 
be some degree of disorder/defects in the walls of the SWNT [51, 52, 211, 212], they are 
typically minimal and relative degree of disorder can be detected by Raman spectroscopy 
[54, 213, 214].  In this work the Raman spectra show a very low degree of 
disorder/defects in the SWNT materials used.  For this reason, a large amount of 
functionalization on the walls in not expected, therefore chemical interaction between the 
polymer and SWNT is minimal.  The predominant interaction between the polymer and 
SWNT in these composites is physical van der Waals interactions. 
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A.3.1. HR-TEM Observation of Polymer/SWNT Composites 
 PAN/SWNT films were observed using HR-TEM.  These films were prepared by 
solution casting, and first disintegrated in hot DMF then further diluted to make TEM 
samples.  HR-TEM observations show that SWNT bundles are still covered generously 
by PAN polymer even after disintegration (Figure A.1).  The DMF although it is a good 
solvent for PAN is not able to remove the PAN coating surrounding the SWNT.  This is 
strong evidence for the strong physical interaction between PAN and SWNT.  PAN 
lattice images with spacing’s of 0.54 nm are observed nearer to the SWNT surface.  
Lattice spacing’s observed for the PAN is consistent with (110) d-spacing’s.  Further 
away from the SWNT surface the polymer structure is not so stable, therefore lattice 
images cannot be obtained and the polymer molecules undergoes a burning effect for the 
electron beam.  These observations indicate the ability of SWNT to template long-chain 
PAN crystallization (Figure A.1). 
 
Figure A.1.  High-resolution TEM images of (a) PAN/SWNT disintegrated film showing 
PAN still heavily coated on SWNT bundles, and (b) at higher magnification of boxed 
region in (a) the presence of PAN crystal lattice indicated by red arrow (lattice fringe 
spacing ~0.54 nm). 
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 PAN/SWNT (1wt %) fibers processed by gel-spinning technique.  In this gel-
spinning process PAN and PAN/SWNT fibers can and have been drawn to much higher 
extensions than the conventionally spun fibers [71, 215].  X-ray diffraction of the gel-
spun fibers reveal very high PAN orientation [71].  PAN/SWNT fibers were also 
characterized by dynamic mechanical analysis (DMA) and shown to have good load 
transferability of interfacial interaction between PAN and SWNT.  Both PAN and 
PAN/SWNT fibers were fibrillated in boiling DMF to obtained thin sections of the fiber 
that could be imaged by HR-TEM.  HR-TEM observation of the PAN/SWNT fibers show 
the presence of exfoliated SWNT in the PAN fiber, and the PAN forms a thick coating on 
SWNT (Figure A.2).  HR-TEM also show that the PAN molecules in this thick coating 
are well-crystallized in the interfacial region of PAN and SWNT, and lattice fringes are 
clearly visible with spacing around 0.54 nm (Figure A.3).  The PAN lattice is found to 
exist along the entire length of the SWNT.  Control PAN fibers were prepared and 
imaged under the same conditions.  It was found that without the presence of SWNT any 
PAN crystal structure was immediately destroyed by electron irradiation.  For this reason, 
lattice images could not be obtained. 
 
Figure A.2.  High-resolution TEM image of PAN/SWNT fiber showing a well-formed 
crystalline interphase of PAN on SWNT. 
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Figure A.3.  High-resolution TEM images and their schematics of PAN/SWNT (99/1) 
fiber of draw ratio 51. 
 
 PMMA/SWNT composite films were prepared for HR-TEM studies by cycling 
the films repeatedly through toluene to remove excess PMMA and the PMMA not 
strongly interacting with the SWNT.  HR-TEM observations show that the SWNT appear 
nearly clean and free of polymer (Figure A.4).  In some regions where the SWNT 
bundles are highly entangled there appears to be trapped PMMA.  Images of individual 
SWNT show what appear to be small amounts of PMMA still loosely wrapped on the 
SWNT indicating that there is no strong interaction between PMMA and SWNT.  PMMA 
is an amorphous polymer system therefore no crystal formations can occur near the 
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SWNT surface.  Although it cannot be generalized to all polymer systems, in this study 
the physical interaction between the polymer and SWNT is significantly enhanced by the 
crystallization of the polymer near the SWNT surface. 
 
Figure A.4.  High-resolution TEM images for PMMA/SWNT disintegrated film showing 
(a) SWNT to have little or no PMMA coating (red arrows indicate PMMA trapped 
between entangled SWNT bundles). (b) Higher magnification image showing the 
presence of a small amount of PMMA near the SWNT surface (indicated by red arrow). 
 
A.3.2. Electron Microscopy Image Stability in Polymer/SWNT Composites 
 The destruction of the polymer lattice in the electron microscope otherwise 
known as the burning effect of the polymer is caused by electron irradiation due to the 
lack of electron transport in the non-conductive polymer.  Given that the electrons 
interact inelastically with the polymer crystal structure, this electron accumulation will 
cause large amounts of lattice vibrations in the polymer crystalline structure, and is a 
major contribution to its destruction (Figure A.5).  Since the polymer provide little to no 
pathway for charge and heat transport of electrons, the electrons will accumulate (Figure 
A.6).  The heating effects of the electron beam have also been noted to contribute to 
beam damage in some polymer systems.  To reduce this problem a coating method is 
typically employed, where the polymer sample is coated with a conductive material like 
carbon or some metal.  Since this conductive coating can now provide a pathway for 
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electron transport the polymer is protected.  The downside is that the high-resolution 




Figure A.5.  Schematic of polymer crystal spring lattice and the phonon loss that occur 





Figure A.6.  Schematic of interaction of the incident electron beam in with the polymer 
matrix with and without the presence of SWNT. 
 
 Although the morphology of the interfacial region for each polymer composite 
studied in this chapter differs depending on the polymer system and composite 
preparation technique, all composite samples show increased irradiation resistance due to 
the presence of SWNT.  The transport of electrons in both SWNT and MWNT has been 
shown to be either ballistic or diffusive depending on the type of nanotube and the 
experimental setup [216-221].  The SWNT, metallic or semi-conductive are orders of 
magnitude more conductive then the polymer.  The interfacial region in the 
polymer/SWNT composites consists of a nonconductive polymer coating surrounding the 
conductive SWNT.  The presence of SWNT acts as a channel which provides a path for 
electrons to flow (Figure A.6).  This greatly reduces the accumulation of electron in the 
non-conductive polymer coating which ultimately leads to an overall increase in 
irradiation resistance.  As evidence in this work, high-resolution images can be obtained 




  Initial observation by HR-TEM of several polymer/SWNT composites reveal that 
the polymer crystal morphology near the polymer-SWNT interface may play an 
important role in the overall polymer-SWNT interaction.  SWNT are shown to promote 
crystal formation in the interphase for semi-crystalline PAN in both film and fiber cases.  
For the amorphous polymer system PMMA where no crystalline interphase is found, 
there appears to be no strong interaction between the polymer and SWNT.  SWNT act as 
electron transport devices throughout the polymer/SWNT composites and this prolongs 
the irradiation lifetime of the polymer.  Under these conditions, high-resolution lattices 





HIGH TEMPERATURE POLYETHYLENE KEBAB GROWTH ON 
SWNT IN NON-SOLVENT N, N 
DIMETHYLFORMAMIDE/POLYETHYLENE/SWNT SYSTEMS  
 
B.1. Introduction 
Heterogeneous polymer crystallization in the presence of graphitic materials has 
been reported on for some time.  Oriented spherulite growth of polypropylene on graphite 
fibers was reported [178] when polypropylene was melt crystallized in the presence of 
these fibers.  The graphitic layer provided many nucleating sites which led to spherulite 
growth that was tightly packed forcing the spherulites to grow uniaxially from the 
surface, and this led to crystallites where the polymer molecules were more or less 
parallel to the surface.  This type of crystallization was termed transcrystallization.  
Poly(etherketoneketone), poly(etheretherketone), poly(phenylenesulfide), and nylon 6,6 
have all been shown to transcrystallize on the surface of carbon fibers [222, 223].  
Several polymers including poly(tetrahydrofuran), poly(oxacyclobutane), and 
poly(ethylene oxide) have been shown to form epitaxial layers on graphite during 
polymerization [181, 182].  Polyethylene melt crystallized in the presence of highly 
oriented pyrolytic graphite also show that the polyethylene chain-ordering during crystal 
growth is influenced by the graphite surface [224, 225].  As mentioned in Chapter 1, the 
discovery of CNT has opened a new class of nucleating agent for the study of polymer 
crystallization. 
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Studying polymer crystallization in the presence CNT has been a good route for 
understanding polymer-CNT interaction.  Good polymer-SWNT interaction SWNT has 
led to the improvement of the radiation stability of the polymer [71, 159] and this is very 
important for studying polymer crystal morphology in the electron microscope.  
Understanding the nanoscale interactions between the polymer and CNT is also important 
for processing composite materials, where interfacial interaction directly affects the 
composite properties [71, 81, 141, 226, 227].  This chapter studies the ability of 




Unpurified single-wall carbon nanotube (SWNT) (manufactured by Carbon 
Nanotechnologies Inc. Lot #: R0231, with 35 wt% metal catalyst impurities) was 
dispersed in N,N-dimethylformamide (DMF) (Sigma-Aldrich, Cat. #: 319937, Lot #: 
05735DE) by sonication in a bath sonicator (model #: 3510K-MT, output frequency: 42 
kHz ± 6 %) for 24 h at concentration of 15 mg/100 ml and 4mg/100 ml to achieved 
different levels of SWNT dispersion quality.  Linear low density polyethylene (LLDPE) 
(Huntsman Polymers Corporation, the Lot #: A304HLL1039, Type#: L7501, MFI = 6.6 
g/10 min), high density polyethylene (HDPE) (Sigma-Aldrich, Cat. #: 547999, MFI = 2.2 
g/10 min), low molecular weight polyethylene (LMWPE) (Aldrich, Cas. #: 9002-88-4, 
batch # 06107LD, Mw = 4000), and paraffin wax (Sigma-Aldrich, Cas. # 8002-74-2, 
batch # 18519MD, mp 73-80 °C) were added to the SWNT dispersions at a ratio of 100 
mg of polyethylene: 20 ml SWNT/DMF dispersion in a glass jars with caps. The 
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mixtures were heated to the boiling point of DMF (~153 °C) for 30 minutes, and in 
scenario I stirred constantly using a magnetic stir while scenario II involved no stirring. 
These mixtures were subsequently cooled to room temperature (25 °C) before samples 
were prepared for analysis.   
Ultra-Purified SWNT (obtained from Carbon Nanotechnologies Inc., Lot #: P-
0247, <2 wt% metal impurity) were dispersed in (DMF) at a concentration of 4 mg/100 
ml by sonication in a bath sonicator for 24 h at 55 °C.  Polymers from the same batches 
mention above, LLDPE, HDPE, LMWPE, and paraffin wax were subsequently added to 
the SWNT/DMF dispersions at a ratio of 100 mg LLDPE/HDPE:20 ml DMF to obtain 
separate mixtures. These mixtures were heated to the boiling point of DMF (~153 ºC) for 
4 h and subsequently cooled to room temperature for sample preparation.   
 
B.2.1. Sample Characterization 
Transmission electron microscope (TEM) sample were prepared by placing a 1-2 
droplets of solutions onto Lacey carbon coated TEM grids (Electron Microscopy 
Sciences, Cat. #: HC200-Cu) using a Loop (Electron Microscopy Sciences, Cat. #: 
70944).  High-resolution TEM (HR-TEM) was performed using both JEOL 4000EX 
electron microscope (accelerating voltage 400 kV) and Hitachi HF-2000 Field Emission 
Gun electron microscope (accelerating voltage 200 kV).  Scanning electron microscopy 
(SEM) was carried out on LEO 1530 thermally assisted field emission microscope 
(operating voltage ranging from 10-20 kV) on samples sputtered coated with gold, and 
Zeiss Ultra60 microscope (operating voltage ranging from 1-5 kV) on uncoated samples.  
Wide-angle X-ray scattering (WAXS) was done using a Rigaku Micro Max 002 X-ray 
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generator operated at 45 kV and 0.66 mA and equipped with R-axis VI++ WAXS/SAXS 
detector. 
 
B.3. Results and Discussion 
B.3.1. Solubility of Polyethylene in DMF 
B.3.1.1. High Density Polyethylene in DMF 
DMF has been shown to be a poor solvent for polyethylene (PE) therefore 
dissolution is not expected.  PE pellets/particles boiled in DMF (153 ºC) (Figure B.1), 
could be recovered once the solution was cooled to room temperature (25 ºC).  In a 
controlled experiment 100 mg of high density polyethylene (HDPE) was boiled in DMF 
at 153 ºC for a period of 72 h and the weight of the particles were measured before and 
after boiling (boiled particles were dried in vacuum).  The weight change was small and 
found to be only ~1 mg of PE dissolved in 100 ml of DMF. To verify whether or not the 
weight change was real, several grams of HDPE were boiled 100 ml DMF for the same 
amount of time. After cooling to room temperature, the undissolved HDPE pellets were 
removed and a significant amount of precipitated material could be seen in the DMF 




Figure B.1.  Photographs of (a) HDPE pellets obtained from manufacturer, (b) HDPE 
pellets after being boiled in DMF, and (c) dissolved and precipitated HDPE in DMF. 
 
From X-ray diffraction the two major [110] and [200] PE peaks could be 
identified showing the precipitated materials was in fact PE (Figure B.2).   DSC was 
performed on the dissolved and precipitated HDPE from DMF, undissolved HDPE from 
DMF, as well as HDPE dissolved and precipitated from xylene.  X-ray diffraction of 
these materials show both (110) and (200) predominant peaks in the intensity versus 2θ 
profiles (Figure B.3).  The DSC curves for the undissolved HDPE from DMF and HDPE 
dissolved in xylene both show similar curves for melting and crystallization (Figure B.4).  
However, DSC curves for the PE dissolved and precipitated from DMF show a 
significant decrease in the melting and crystallization temperatures (Figure B.4 – green 
curve).   These DSC results provide evidence a lower molecular weight PE material is 




Figure B.2.  Wide-angle X-ray diffraction pattern of HDPE precipitated material 
removed from DMF. 
 
 
Figure B.3.  Wide-angle X-ray integrated scans for HDPE dissolved in DMF (red), 




Figure B.4.  Differential scanning calorimetry curves showing (a) 1st melting curves for 
HDPE dissolved in DMF (green), undissolved HDPE (red) and HDPE dissolved in xylene 
(blue), and (b) cooling curve for HDPE dissolved in DMF (green), undissolved HDPE (red) 
and HDPE dissolved in xylene (blue). 
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B.3.1.2. Paraffin Wax and Low Molecular Weight Polyethylene in DMF 
Based on the previous results the dissolution of both paraffin wax and low 
molecular weight PE (LMWPE) ( 4000~wM ) in DMF were studied.   In both cases up 
to ~400 mg of wax and LMWPE could be dissolved in 100 ml of boiling DMF.  When 
compared to the DSC curves for the HDPE dissolved in DMF, the DSC curves for 
paraffin wax lower melting and crystallization peaks (Figure B.5), while for LMWPE the 
DSC curves have very similar melting and crystallization peak shapes and temperatures 
(Figure B.5).  This study shows that while DMF is a poor solvent for PE it is possible to 
dissolve PE with 4000<wM .   The crystallization behavior of this low molecular weight 
PE material is subsequently studied in the presence of unpurified and purified SWNT. 
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Figure B.5.  Differential scanning calorimetry curves showing (a) 1st melting curves 
for HDPE dissolved in DMF (green), LMWPE (orange) and paraffin wax (light 
blue), and (b) cooling curve for HDPE dissolved in DMF (green), LMWPE (orange) 
and paraffin wax (light blue). 
 
B.3.2. Unpurified SWNT (~35 wt% metal impurity) and PE in DMF 
To vary the chain structure of the PE both linear low density polyethylene 
(LLDPE), HDPE, and LMWPE were used.  LLDPE chains contain a significant amount 
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of short branching, while HDPE/LMWPE only has very few branches along the chain.  
High-resolution transmission electron microscope (HR-TEM) images of the raw SWNT 
material used in this study show the presence of a large amount of metal nanoparticles 
and large bundle size of ~ 26 nm (Figure B.6).   
 
Figure B.6.  High-resolution TEM micrographs of (a) SWNT (35 wt % metallic 
impurity), and (b) SWNT (2 wt % metallic impurity). 
 
B.3.2.1. LLDPE and Unpurified SWNT in DMF 
Scanning electron microscope (SEM) analysis of the SWNT bundle size in the 
SWNT materials after being boiled in the presence of LLDPE shows diameter variation 
from region to region in the sample.  In some places the diameter of SWNT bundles is 
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around ~26 nm revealing no LLDPE wrapping (Figure B.6 and B.7a), while in other 
regions the SWNT bundle size increases to ~50 nm (Figure B.7b).  In these thicker 
regions scanning electron microscope (SEM) was used to focus an electron beam at 
operating voltage of 20 kV onto one large SWNT bundle (Figure B.8) for 10 minutes, 
after this time period an LLDPE shell is burned off exposing the SWNT bundle (Figure 
B.8b). This shows that the low molecular weight LLDPE dissolved in DMF is able to 
form a generous coating on the SWNT bundle surface.   
 
Figure B.7.  Scanning electron micrographs of (a) SWNT (35 wt% metallic impurity) 





Figure B.8.  Scanning electron micrograph of (a) SWNT (35 wt % metallic impurity) 
coated with LLDPE before electron beam damage, and (b) after beam damage at 20 kV 
where LLDPE coating was removed. 
 
Although polyethylene has been shown to have weak radiation resistance [11], 
crystalline PE has been shown to survive for some time at higher operating voltages (80 
kV) in the electron microscope[228].  In this work, the destruction of LLDPE coating on 
SWNT at significantly lower voltages over a similar time period indicated that LLDPE 
coating consists of more amorphous rather than crystalline regions. SWNT bundles are 
also observed to protrude from the LLDPE particle (Figure B.9), and the diameter of 
these SWNT bundles is also around ~50 nm, which indicates LLDPE wrapping of the 
SWNT bundle. No observation of polyethylene kebab growth was observed in these 
samples.  This type of crystal growth has been observed in other studies where PE has 
been crystallized in the presence of SWNT [100].   
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Figure B.9.  Scanning electron micrograph of (a) surface of LLDPE pellet after being 
boiled in DMF, and (b) higher magnification showing SWNT (35 wt% metallic impurity) 
bundles embedded in the pellet. 
 
B.3.2.2. HDPE/LMWPE and Unpurified SWNT in DMF 
SWNT boiled in the presence of HDPE and LMWPE were dried and examined 
using HR-TEM.  PE kebabs were found to only grow on the cleaner portion of the 
unpurified SWNT (Figure B.10).  There was no evidence from microscopy observations 
that HDPE formed a shish coating over the SWNT bundles before kebab growth 
occurred.  The presence of metal nanoparticles on the SWNT surface leads to a 
prevention of crystallization of PE.  Previous studies of PE kebab growth on SWNT have 
speculated of an epitaxial interaction between SWNT and PE which promote chain 
folding on the SWNT surface to initiate kebab growth [100, 101].  The existence of metal 
nanoparticles on the SWNT surface prevents this epitaxial PE chain-graphite interaction 
therefore; PE kebabs do not grow in the presence of metal nanoparticles. 
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Figure B.10.  (a) High-resolution TEM bright field image of LMWPE kebab growth on 
SWNT shish.  (b) higher-magnification showing the kebabs only grows in cleaner portion 
of the SWNT (35 wt% metallic impurity). 
 
B.3.3. Purified SWNT (~2 wt% metal impurity) and PE in DMF 
B.3.3.1. LLDPE and Purified SWNT in DMF 
HR-TEM analysis of LLDPE/SWNT samples show that on a small amount of 
SWNT bundles the formation of LLDPE crystalline kebabs were found with an average 
lamellar thickness of 9.5 ± 1 nm (Figure B.11).  The inherent chain structure of LLDPE is 
such that there is a significant amount of short branches along the main chain, and for this 
reason crystallinity is reduced due to the increase in branching density.  Studies on 
branched polyethylene and LLDPE crystallization have shown that the increase in 
branching density reduced crystallization [229].  The use of purified SWNT in this 
experiment led to significant reduction of metal nanoparticles in the sample.  Therefore, 
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LLDPE was able to have better interaction with the surface of SWNT bundles.  SWNT 
was able to nucleate and template the crystal growth of LLDPE kebabs. 
 
 
Figure B.11.  High-resolution TEM bright field image of LLDPE kebab growth on 
SWNT shish. Inset: higher-magnification showing the kebabs on the SWNT (2 wt% 
metallic impurity). 
 
B.3.3.2. HDPE/LMWPE and Purified SWNT in DMF 
HR-TEM analysis of samples prepared by boiling HDPE pellets in SWNT/DMF 
dispersions show that much more SWNT bundles are covered by HDPE kebabs (Figure 
B.12) as compared to the LLDPE samples.  On smaller diameter SWNT bundles ≤ 20 nm 
the kebab growth completely surrounds the bundle (Figure B.12b), but for larger SWNT 
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bundles >30 nm there are some regions where kebab growth is initiated at different sides 
of the bundle (Figure B.12c).  Average kebab lamellar thickness is ~11 nm. The kebab 
disc diameter also varied for both LLDPE and HDPE samples from 35 nm to 150 nm, 
and this may be due to different crystal growth rates in the solution. 
 
 
Figure B.12.  High-resolution TEM bright-field image of (a) HDPE kebab growth on 
SWNT shish, (b) higher-magnification showing the kebabs on the SWNT (2 wt% 
metallic impurity), and (c) kebab growth initiating on the sides of SWNT large bundles. 
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SEM analysis was also performed to examine the morphology of the HDPE 
kebabs on SWNT bundles.  Both HR-TEM and SEM studies show the periodicity of 
kebab growth on SWNT shish is somewhat random (Figure B.13).  For SWNT bundles 
that are completely covered by kebabs the periodicity between kebabs is ~ 80 nm for both 
LLDPE and HDPE sample.  For SWNT bundles with minimal kebab coverage the kebab 
growth is much more random and spread out.   Although DMF is a poor solvent for 
polyethylene and a much higher crystallization temperature (~153 ºC) was used as 
compared to previous studies where HDPE has been crystallized in the presence of CNT 
[100, 101], this work shows that both LLDPE and HDPE still able to crystallize.  This 
DMF boiling temperature must exceed the θT for both LLDPE and HDPE in DMF since 
both polymer are able to interact with SWNT and form crystals. 
 
Figure B.13.  Scanning electron micrographs of (a) HDPE kebab growth on SWNT (2 
wt% metallic impurity), and (b) and (c) higher-magnification of kebab growth. 
 
B.4. Conclusions 
 Although DMF is a poor solvent for PE, X-ray and DSC evidence confirm that 
low molecular weight ( 4000~wM ) can be dissolved in boiling DMF (~ 153 ºC).  
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LLDPE does not crystallize in the presence of unpurified SWNT, but forms an 
amorphous coating on the bundles.  The presence of metallic nanoparticles decrease the 
interaction between LLDPE and SWNT, and this coating could be easily removed by 
burning using an electron beam at a low operation voltage of 20 kV. Crystallization of 
HDPE on the surface of SWNT is hindered by the presence of the metallic nanoparticles, 
and HDPE kebab growth could be found in regions of the SWNT bundles where no 
nanoparticles were present.  For purified SWNT low molecular weight compounds for 
both LLDPE and HDPE were both able to crystallize into kebabs on SWNT shish in this 
poor solvent DMF at a high cT  ~ 153 ºC.  For smaller SWNT bundles the PE kebabs 
completely surround the bundles, however for larger bundles polyethylene kebabs growth 
from the sides of the bundle.  Average kebab lamellar thickness was for LLDPE and 
HDPE kebabs crystals were 9.5 nm and 11 nm respectively.    For HDPE/SWNT/DMF 
mixtures as compared to LLDPE/SWNT/DMF mixtures more kebab covered SWNT are 
present, and this may be due to the ability of HDPE to crystallize more readily than 
LLDPE because of less branching.  Overall kebab growth is limited by the small amount 
of low molecular weight LLDPE and HDPE dissolved in DMF. 
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APPENDIX C 
CRYSTALLIZATION IN PVA AND PVA/SWNT GEL FILMS 
 
C.1. Experimental 
 Atactic poly(vinyl alcohol) (PVA) (from Kuraray Co. Ltd. Tokyo, Japan; lot # 
636837, DP: 18,000, and 98.4 % hydrolyzed) was dissolved in an 80:20 volume ratio of 
dimethyl sulfoxide (DMSO), and distilled water respectively in a 400 ml beaker equipped 
with a magnetic stir bar and heated to temperatures between 85 to 90 °C to obtain a 3 
wt% PVA solution (80 ml DMSO, 20 ml water, and 3.4 g PVA).  SWNT (obtained from 
CNI, Houston, TX, USA, lot# P-0247) (0.4 mg/ml) dispersions were obtained in DMSO 
by sonicating using a Branson 3520 bath sonicator (frequency 42 kHz, power 100 W) at a 
concentration of 33 mg/80 ml DMSO for 24 h at 40 °C.  To obtain a PVA/SWNT 
dispersion, 3.4 g of PVA was dissolved into the SWNT/ DMSO dispersions at 85 to 90 
°C and distilled water was added to obtain PVA:SWNT weight ratio of 99:1. The 
mixtures were stirred with an overhead Caframo high-shear mechanical stirrer (model# 
BDC1850) at a shear speed of  300 RPM continuously for 48 h or until an optically 
homogeneous dispersion was obtained. 
 Gel films were made by pouring a PVA solution and PVA/SWNT dispersion into 
glass crystallization dishes, and immediately immersing these dishes into a methanol bath 
maintained at -78 °C to form a gel film.  The films were kept immersed for a 24 h period 
before drying in a vacuum oven at 60 °C for 72 h.  Films were also prepared by solution 
casting, where PVA solutions and PVA/SWNT dispersions were poured into Teflon® 
dishes and dried in a vacuum oven at 60 °C for two weeks.  In both cases the dried films 




C.1.1. Sample Characterization 
 Wide-angle X-ray scattering was done on the Rigaku Micro Max 002 X-ray 
generator operated at 45 kV and 0.66 mA and equipped with R-axis VI++ detector. 
Crystallinity from wide-angle X-ray diffraction were determined using the software MDI 
Jade 6.1.  AreaMax software was used for background subtraction and integration. The 
area due to the crystalline and amorphous contribution of the polymer was determined by 
peak fitting analysis.  Differential scanning calorimetry (DSC) measurements were 
performed on Q-100 DSC (manufactured by TA Instruments, New Castle, DE, USA). 
Digital photographs were taken using a DSC-F88 Cyber-shot digital camera 
(manufactured by Sony) 
 
C.2. Results and Discussion 
As mentioned in Chapter 5 the tensile strength and modulus increase as gelation 
time is increased in the fiber spinning process.  To understand why the increase is 
observed the gelation of PVA/DMSO/H2O solutions and PVA/SWNT/DMSO/H2O 
dispersions is studied as a function of time.  Droplets of PVA/SWNT/DMSO/H2O 
dispersion were sandwiched between two glass slides and immersed in methanol kept at -
78 °C for 1, 5, 10, and 25 s (Figure C.1).  The droplets show ice formation immediately 
after being immersed in the methanol, however icing occurs much more quickly than 
gelation (i.e. fully formed gel film).  A fully gelled film could not be removed from 
between the glass slides until the gelation time of at least exceeded 10s. Therefore, longer 
gelation time seems to lead to more uniform gel formation throughout the film and this 
may also be true for gel fibers.   Time elapsed photographs of this freezing process show 
that total gelation occurs over time (Figure C.1).   
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Figure C.1.  Digital photographs of (a1 to a5) PVA/SWNT solution compressed between 
two glass slides after being immersed in methanol at -78 °C for 0, 1, 5, 10, and 20 
seconds respectively.  Digital photographs of PVA/SWNT gel films after immersion into 
methanol where the top gals slide has been removed showing (b1) after one second the 
PVA/SWNT material is still liquid like, (b2) after five seconds and incomplete gel film 
has formed some PVA/SWNT material is still liquid like, (b3) after 10 seconds the film is 
still not fully gelled, and (b4) after 20 seconds a fully gelled film could be removed from 
the glass slide leaving no residue. 
 
DSC studies were performed on both PVA and PVA/SWNT films dried in 
vacuum at 60 °C and undried films. DSC analysis of PVA and PVA/SWNT gel films 
show a sharp peak at ~ 225 to 228 °C (Figure C.2).  Crystallinity was measured using the 
enthalpy of melting, for this peak.  The theoretical enthalpy for 100 % crystalline PVA is 
138.6 J/g of repeating unit [157, 230].   Crystallinty for PVA and PVA/SWNT films was 
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average over three DSC runs and was 66  and 65 % respectively. Upon cooling the films 
recrystallize and the second heating curves show a melting peak of ~ 216 °C (Figure 
C.3).  This implies that the crystals formed during gelation at -78 °C versus the crystal 
form during melting and recrystallization melts at a much higher temperature exhibiting a 
higher degree of crystal perfection.  The gT  transition is also much more suppressed in 
the 1st heating curve than it is in the 2nd providing further evidence of crystal perfection 
(Figure C.2).  Solution cast PVA and PVA/SWNT films were also prepared for 
comparison.  DSC studies of these films show that crystallinity in dried films for PVA 
and PVA/SWNT films is only  ~30 % which is comparable to other studies in the 
literature for PVA and PVA/CNT films [110, 230] prepared in a similar manner.  DSC 
results for both PVA and PVA/SWNT gel and solution cast films can be found in Table 
C.1.  This is significantly lower than the crystallinity for the gel films.  The 1st crystal 
melting peak is also ~20 °C lower for the solution cast films as compared to the gel.  This 
studies shows that gelation has a significant influence on crystal structure development 
for PVA. 
Table C.1.  Crystal size and DSC data determined for PVA and PVA/SWNT gel and 
solution cast films.   
 PVA Films PVA/SWNT (99/1) Films 
 (hkl) Gel Film Cast Film Gel Film Cast Film 
(101) 13 10 14 10 
(200) 10 9 10 9 Crystal Size (nm) 
(111) 9 9 9 9 
mHΔ  (J/g) 91.5 41.3 89.6 43.3 
mT  (°C) 227 206 226 200 
Crystallinity* (%) 66 30 65 31 




Figure C.2.  1st heating DSC curves for PVA (blue) and PVA/SWNT (red) dried gel films 




Figure C.3.  2nd heating DSC curves for PVA (blue) and PVA/SWNT (red) dried gel 
films showing a pronounced gT  transition and mT  at approximately ~216 °C. 
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X-ray studies for both solution cast and gel films are consistent with DSC data.  
The diffraction patterns show sharp crystalline rings for the gel films and broader 
diffused rings for solution cast films (Figure C.4).  For the gel-films diffraction spots are 
also present in the diffraction patterns suggesting the formation of large crystalline 
domains in the films (Figure C.5).  The comparison of crystal size and crystallinity data 
for both solution cast and gel films are summarized in Table C.1.  Diffraction profiles for 
PVA/SWNT gel and solution cast films also show weak peak positions consistent with 
those described in Chapter 4 for the SWNT templated PVA crystal growth (Figure C.6).  
This suggests that SWNT can also template some amount of PVA crystal growth in the 
bulk films.  Both DSC and X-ray studies on these PVA and PVA/SWNT gel films 
provide some understanding of how crystal formation may take place in the PVA and 
PVA/SWNT gel fiber and why longer gelation of the fibers lead to an increase in 
mechanical properties. 
 
Figure C.4.  Wide-angle X-ray diffraction patterns for (a) PVA gel film, (b) PVA solution 




Figure C.5.  Wide-angle X-ray diffraction patterns for (a1) PVA gel film, (a2) magnified 
portion of (a1) showing diffraction spots associated with large crystal formation, (b1) 
PVA/SWNT gel film, and (b2) magnified portion of (b1) showing diffraction spots 
associated with large crystal formation. 
 
 
Figure C.6.  Integrated 2θ scans for PVA/SWNT gel film and PVA/SWNT solution cast 
films showing weak diffraction peaks associated with SWNT templated crystal growth. 
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 DSC studies on gel films show a large increase in crystallinity as compared to 
solution cast film.  PVA gel-formed crystals exhibit a melting temperature ~10 °C higher 
than heat induced crystallization.  Gel fibers may exhibit this same phenomenon.  PVA 
and PVA/SWNT films show the formation of large crystalline domains even at low 
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